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― Kahlil Gibran
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RESUMEN
La naturalización de plantas exóticas ha sido comúnmente considerada como una amenaza a la biodiversidad 
nativa. Pese al interés que suscita en la comunidad científica, algunos aspectos relacionados con el proceso de 
naturalización no están muy claros, incluyendo los factores que determinan el éxito en la colonización, cómo 
ocurre el ensamblaje de comunidades con las especies nativas y su evolución a lo largo del tiempo, y qué 
mecanismos favorecen la dispersión y subsiguiente expansión del área de distribución de las especies.
Actualmente, especies nativas y exóticas originarias de la cuenca mediterránea coexisten en los pastizales 
chilenos. En la región de Chile central, la cultura agraria introducida durante el colonialismo español determinó 
la entrada de numerosas especies desde España. El éxito del establecimiento y la persistencia (i.e. naturalización) 
de dichas exóticas en Chile pudo estar determinado tanto por las características del área de origen, como 
por factores medioambientales condicionantes de la llegada, supervivencia, establecimiento, ensamblaje en 
comunidades, reproducción, y finalmente expansión de estas especies en el área de destino.
El objetivo principal de este estudio consiste en dilucidar y comprender los mecanismos subyacentes en 
el proceso de naturalización transcontinental en Chile central. El trabajo se contempla a diferentes escalas 
espaciales (biogeográfica, comunidad y población), así como a lo largo de las diferentes fases del proceso de 
colonización (establecimiento, naturalización e invasión).
El estudio se ha llevado a cabo en sistemas agro-silvopastorales de las regiones mediterráneas de España 
y Chile, dehesas y espinales, respectivamente. Los datos empleados proceden de una exhaustiva revisión 
bibliográfica, de muestreos de campo llevados a cabo a lo largo de diferentes gradientes (latitudinal, de 
precipitación, sucesional y geomorfológico) y de diseños experimentales de siembra de poblaciones de 
Leontodon taraxacoides, Hypochaeris glabra y Trifolium glomeratum bajo condiciones uniformes en las áreas 
de origen y de destino.
En primer lugar, se estudió el contexto del área de trabajo mediante el estado de representación de la 
flora exótica en Chile. Nuestros resultados muestran que la mayor parte de las exóticas presentes en Chile 
son anuales procedentes de la cuenca mediterránea, siendo la proporción de las mismas mayor a escalas 
espaciales más detalladas (i.e. en los espinales). Las familias más representativas de estos sistemas son Poaceae, 
Asteraceae, y Fabaceae, y la especie más abundante L. taraxacoides. Los espinales y las dehesas son sistemas 
equivalentes en términos florísticos, aunque la riqueza de especies es mayor en España. 
Para comprender los factores que condicionan el establecimiento, se compararon las condiciones del medio 
en las áreas de origen y destino. El clima actúa como principal predictor del potencial de establecimiento 
y naturalización de las especies seleccionando aquellas preadaptadas a las condiciones de destino. Las 
comunidades relacionadas con hábitats de influencia antrópica en el área de origen (por ejemplo, ruderales 
y asociadas a cultivos) actúan como principales donantes, aunque la importancia de las características del 
hábitat depende del clima de la región de destino, lo cual apunta a que la colonización es dependiente del 
contexto y la escala considerados.
El papel de los factores ambientales (bióticos y abióticos) como filtros de las especies en el proceso de 
naturalización fue evaluado a escala regional en espinales chilenos y dehesas españolas. La importancia de 
los filtros abióticos resultó ser mayor que la de los bióticos, aunque los primeros actúan de manera diferente 
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en ambas regiones. En España, las especies colonizadoras (aquellas que están naturalizadas en Chile) están 
ligeramente relacionadas con una combinación de propiedades climáticas y edáficas, mientras que en Chile 
el número de especies exóticas es altamente dependiente de las características climáticas, especialmente de la 
disponibilidad hídrica.
La organización espacial de la comunidad vegetal se estudió mediante la identificación de diferencias inter 
e intra-regionales en la co-ocurrencia de especies. Se encontró que las especies exóticas han desensamblado 
la comunidad chilena original, estando más segregadas espacialmente que las nativas, y más estructuradas en 
Chile que en España.
Los patrones de la dinámica temporal de la comunidad vegetal se estudiaron asociados al proceso de 
sucesión. Los resultados muestran que las especies exóticas y nativas juegan un papel complementario en la 
ontogenia de la comunidad a lo largo del tiempo mediante diferentes estrategias en la ocupación del espacio. 
Las especies exóticas, en su mayoría anuales tolerantes al pastoreo, se establecen desde el principio, mientras 
que las especies nativas, con estrategias de defensa frente al pastoreo, aumentan con el tiempo. Esto permite la 
coexistencia de ambos grupos de especies.
Los mecanismos adaptativos (diferenciación ecotípica y plasticidad fenotípica) en los que las poblaciones 
se basan para hacer frente a las nuevas condiciones ambientales y adaptarse a ellas se evaluaron en las tres 
especies seleccionadas. Poblaciones procedentes del territorio nativo y del exótico fueron sembradas en 
condiciones uniformes en Chile y España. La importancia relativa de dichos mecanismos de adaptación difiere 
según la especie considerada y la variable analizada. L. taraxacoides manifiesta principalmente plasticidad 
fenotípica para adaptarse al medio, mientras que T. glomeratum presenta una marcada diferenciación ecotípica, 
retrasando su desarrollo fenológico cuando procede de localidades más húmedas. Para las tres especies, las 
poblaciones exóticas (las que se originaron y sembraron en la región colonizada) muestran mayores tasas de 
supervivencia que las nativas.
Finalmente, la capacidad de dispersión fue evaluada mediante el estudio de la producción de semillas y 
los patrones de dimorfismo de aquenos de L. taraxacoides en Chile y en España. Los resultados muestran 
que esta especie combina diferenciación ecotípica y plasticidad fenotípica para aumentar el número de 
semillas producidas y la proporción de aquenos de dispersión anemócora en las poblaciones exóticas, a fin de 
incrementar su carácter invasor. 
En oposición a la creencia tradicional de que la naturalización de exóticas supone un detrimento de la 
biodiversidad nativa, la coexistencia entre especies nativas y exóticas observada en los espinales chilenos 
durante todo el estudio parece pacífica. Ello, junto con la ausencia de competencia observada, sugiere que se 
están dando procesos de facilitación entre ambos tipos de especies. Nuestro estudio apoya que hay muchos 
procesos interconectados asociados a la naturalización transcontinental.
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ABSTRACT
Naturalization of exotic plants has been commonly considered as a threat to native biodiversity, and 
scientific community has centered in its negative impacts instead of considering the possible benefits. Despite 
getting much scientific interest, some aspects related to the naturalization process are not well identified. 
Environmental factors determining the colonization success, how the assembly with native communities 
occurs and evolves along time, as well as mechanisms that favor spreading and expansion of the species’ area 
of distribution are still little known. 
Nowadays, native and annual exotics species originated in the Mediterranean Basin coexist in semi-natural 
grasslands of Chile. In central Chile many exotic species related to the agrarian culture were introduced during 
the colonialism by Spaniards. The success of establishment and persistence of those exotics in Chile (i.e. 
naturalization) was determined by the characteristics of the source area, as well as the environmental factors 
that condition the arrival, survival, establishment, assembling within communities, reproduction, and finally 
expansion in the recipient area. 
The main aim of this study is to elucidate and understand the underlying mechanisms of the transcontinental 
naturalization process in central Chile. A multi-scale approach following a double connecting thread has been 
contemplated, considering different spatial scales (biogeographic, community, and population), as well as 
different phases of the colonization process (establishment, naturalization, and invasion). 
The study was conducted in agro-silvopastoral systems of the Mediterranean regions of Spain and Chile, 
dehesas and espinales, respectively. Data employed came from extensive bibliographic revision, field sampling 
performed following different gradients (latitudinal, rainfall, successional, and geomorphological), and 
experimental observations conducted by growing Leontodon taraxacoides, Hypochaeris glabra and Trifolium 
glomeratum under common garden conditions in the source and recipient areas.
Firstly we evaluated the state of the art of the exotic flora present in Chile. Our results show that most of 
Chile’s exotic plants are annuals from the Mediterranean Basin being the proportion greater at more detailed 
spatial scales (i.e. the greatest proportion is found in the espinales). The families more representative in these 
systems were Poaceae, Asteraceae, and Fabaceae, and the most abundant species L. taraxacoides. Agro-
silvopastoral systems in Chile and Spain are equivalent in floristic terms, although species richness is greater 
in Spain. 
To understand the factors conditioning the species establishment we compared environmental features 
between bioregions of source and recipient areas. Climate performs as the principal predictor of species 
establishment and naturalization potentiality, selecting species pre-adapted to the conditions in the recipient 
area. The communities related to habitats with greater anthropic influence in the source area (e.g. ruderal and 
arable lands) act as the main donors, although the importance of the habitat characteristics depends upon 
the climate in the recipient area. This points out that colonization is dependent on the context and the scale 
considered.
The role played by environmental factors (abiotic and biotic) through environmental filtering in the species 
naturalization was evaluated at regional scale, in Chilean espinales and Spanish dehesas. Results obtained show 
that abiotic filters are more important than biotic ones, although the first ones act differently in both regions. In 
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Spain, colonizer species (i.e. those that have become naturalized in Chile) are weakly related to a combination 
of soil and climate properties, whereas in Chile the number of exotic species is highly dependent on climate 
conditions, especially water availability. 
Spatial organization of plant communities was study by identify inter and intra-regional differences in 
species co-occurrence. We found that exotic species have disassembled the original Chilean community, 
appearing more segregated than Chilean natives and being greater structured in Chile than in Spain. 
Dynamic patterns of plant communities were assessed associated to a successional process. Results display 
that both species groups play a complementary role in community ontogeny along time by using different 
strategies in the occupation of the space. Exotic species are mainly grazing-tolerant annuals that get established 
from the beginning, whereas native species, with a grazing-defensive strategy, increase along time. This allows 
the coexistence of both species groups.
The adaptive mechanisms (ecotypic differentiation and phenotypic plasticity) on which populations rely on 
to face the new environmental conditions and get adapted in the non-native range were assessed in the three 
selected studies. Populations from the native and the exotic range were planted in common garden conditions 
in Chile and Spain. The relative importance of the adaptive mechanisms depends on the species considered and 
on the variable analyzed. L. taraxacoides relies mainly on phenotypic plasticity to get successfully adapted, while 
ecotypic differentiation appears to be important in T. glomeratum, which delays its phenological development 
when increased precipitation in the source area as a mechanism to maximize its investment in growth and 
biomass production. Exotic populations (those originated and grown in the non-native range) show greater 
survival rates than native ones in the three species.
Finally, the spreading capacity was assessed by studying seed output and achene dimorphism patterns 
of L. taraxacoides in Chile and Spain. Results reveal that this species combines ecotypic differentiation and 
phenotypic plasticity to increase the number of seeds produced as well as the proportion of achenes with 
anemochorous dispersion in populations from exotic origin in order to enhance its invasive ability. 
In opposition to the traditional believe that exotics’ naturalization always decreases native biodiversity or 
displaces it by exclusion, the coexistence between native and exotic species in Chilean espinales observed along 
the whole study seems to be pacific. This coexistence and the lack of evidences of competition suggest that 
facilitation processes are occurring between both types of species. Our findings support that many processes 
are interconnected with regard to the transcontinental naturalization process. 

7Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
Introduction 
“All things are delicately interconnected” 
Jenny Holzer
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ABOUT ThE SyMBIOSIS BETWEEN NATURE AND hUMANS
The existing symbiosis between nature and human society (Naveh 2000) in the Earth system involves that 
to understand any ecological issue, a holistic approach that allows perceiving all parts in their full context is 
necessary (Palang et al. 2000). Human activity has given rise to a wide range of new planetary-scale forces (Steffen 
et al. 2004) that exert an increasing impact on the ecosphere affecting the different compartments it contains 
(Acosta-Gallo 2005), and creating cascades of repercussions on natural and socioeconomic systems (Schellnhuber 
2005). The magnitude of that anthropic influence has increased so much that a new geological era has been 
recently recognized, the Anthropocene (Crutzen 2002).
The traditional blend of different anthropological cultures that has occurred for millennia usually involved 
trade, including the transport of merchandise, plants (mainly ornamental and forage), and domestic animals 
by humans along different regions worldwide, contributing to the generation of new environmental and 
socioeconomic scenarios (Le Houérou 1981; Hobbs 1998; Grenon and Batisse 1989). Associated to this trade, also flow 
of wild organisms around the planet (Elton 1958; Lodge et al. 2006) resulted favored; thus, species undertook a 
human-meditated overcoming of the biogeographic barriers to dispersal imposed by nature.
The above-described trend started in the Neolithic age, associated to the human displacements occurred in 
Southern Europe from the East to the West, which caused the introduction of archeophytes (i.e. exotic species 
that were introduced before 1500) in Western European territories such as the Iberian Peninsula. Later on, 
this trend has increased in three other phases; the first one occurred at the end of the Middle Ages (1500 AD), 
with the European rediscovery of the Americas, the birth of colonialism (Preston et al. 2004); the second one, 
associated with the Industrial Revolution (1800 AD) (Hulme 2009); and the last one during the last three decades, 
related to the rise in ease and efficiency of long-distance transport, income growth (Baier and Bergstrand 2001), 
and tourism (Hall 2015) which prompt the Globalization Era (Hulme 2009). As a result, species movement and 
worldwide interconnectedness have become more intensive, occurring across wider space and in shorter time 
than before (Pieterse 2015). Thus, humans’ activities have introduced a new order of magnitude into distance 
dispersal (Cronk and Fuller 1995, and references therein) and species’ areas of distribution (Levine and D’Antonio 2003; 
Perrings et al. 2005; Meyerson and Mooney 2007; Bradley et al. 2012).
 The current scenario of anthropic impact on Earth altering ecosystem status is known as global 
change and is of mayor concern within an ecological framework. Basically it is a question of an unbalanced 
growth of human population in relation to the energy consumption by different societies (Margalef 1975) and the 
fact that human activities occurred at local or regional scale affects the global functioning of the planet (Pineda 
et al. 2014). It comprehends, among others, changes in carbon cycle (Acosta-Gallo 2005), climate (Vitousek 1994; 
IPCC 2014), land-use (Malone and Roederer 1984), and areas of species distributions (Vitousek et al. 1997). To face that, 
the UN convened the Millenium Ecosystem Assessment in 2000, with a view to evaluate the consequences of 
ecosystems’ changes for human wellbeing and to improve conservation and sustainable use of these ecosystems 
(MA 2003, 2005; Montes et al. 2014). 
As a result of the human-mediated transit of organisms (Paskoff and Manríquez 1999; Rouget et al. 2003; Dukes and 
Monney 2004; Schwartz et al. 2006) and habitat alteration, a redistribution of species on the Earth has taken place. This 
gives rise to economic and ecological damage (Vitousek et al. 1996, 1997; Pimentel et al. 1999, 2001, 2005; Mack et al. 2000; 
Sala et al. 2000) and a loss of cultural diversity. In this way, the subsequent biological invasions and biodiversity loss 
have important consequences at a variety of levels, affecting ecosystem structure (Vitousek et al. 1996), function 
 9
Introduction
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
(Hooper et al. 2012), and services and human wellbeing (MA 2003; Corvalan et al. 2005; Díaz et al. 2006; Martín-López et al. 
2009; Cardinale et al. 2012; Mace et al. 2012), being therefore considered as a major environmental and social problem 
and a focus of ecological research (Brock et al. 1997; Luken and Thieret 1997; Dukes and Mooney 1999; Higgins et al. 1999).
In the case of plants, the introduction of species in an exotic area took place as a result of the movement 
of specimens around the world with ornamental, gardening, agricultural and forestry purposes (Cronk and Fuller 
1995, and references therein). Since agricultural practices were introduced in human cultures, whenever people 
moved, plants also did, either deliberately (domesticated crops) or accidentally (associated spread of weeds 
and ruderal species) (Cronk and Fuller 1995, and references therein). Due to their fast way of reproduction, their ability 
to withstand difficult environmental conditions through dormancy period in seed form, and the variety of 
ways of seed dispersal, exotic plants have been traditionally considered as a threat in the biological invasion 
context, with a greater number of invasive species than animals (Vitousek et al. 1996). 
Notwithstanding the factors enabling establishment, one of the consequences associated to the colonization 
process that has been highlighted in previous reports is that alien species naturalization involves landscape and 
global floristic (taxonomic and phylogenetic) homogenization of regional floras at a biogeographical scale 
(Winter et al. 2009; Figueroa et al. 2011). Moreover, naturalization of alien plants has commonly been considered as 
a threat to native biodiversity, and most scientific studies have been centered in their negative impacts instead 
of considering the socio-ecological opportunities that the introduction of something new could bring. During 
the last decades numerous studies have highlighted the importance of control, monitoring and manage aliens 
introduced in new areas (Blossey 1999; Zavaleta et al. 2001; Pyšek and Richardson 2010; Barbier et al. 2013; Essl et al. 2015), 
and many conservation policies have been implemented to conserve the native flora and sometimes, although 
being controversial, eradicate alien invaders (Myers et al. 2000). As an example, the Strategic Plan for Biodiversity 
called for urgent action by the Parties to the Convention on Biological Diversity (CBD) to reduce the rate of 
biodiversity loss by 2020 (CBD 2014). To that end, they encountered the target of identifying, prioritizing, and 
managing invasion pathways by 2020 to prevent the introduction of invasive alien species (Hulme 2015). 
Plant species that have been transported from one region to another are defined as non-native, exotic or 
alien to that new occupied region (Richardson et al. 2000). The resulting ecological consequence of the colonization 
process is a new and interesting case of community assembly (Dostál 2011; Davis et al. 2011; Sutherland et al. 2013), 
where species from different biogeographic origins –natives and aliens– coexist in the same community. Thus, 
the origin, composition, and assembly rules of these novel communities are of great interest (HilleRisLambers et al. 
2012) to understand their functioning as well as serving as support to elucidate the drivers of vegetation change 
and predict the anthropic impacts on vegetation patterns (Chytrý et al. 2011). 
Despite the fact that a posteriori actions of control and monitoring alien species have received most of 
the attention in scientific literature, knowing a priori mechanisms that allow and enhance the colonization 
process is key to globally deal with the current situation. Factors determining the 0) conditions of the source 
area, 1) arrival, 2) survival, 3) establishment, 4) organization within plant communities, 5) adaptation to local 
environmental conditions, 6) reproduction, and 7) following expansion condition the success of colonization 
(Richardson and Pyšek 2012). In this sense, the major processes involved in colonization process determining the 
distribution and abundance of alien plants have been identified (de Bello et al. 2005; Fine and Kembel 2011; Guerin et 
al. 2014; Rouget et al. 2015). Future areas of alien plants distribution will largely depend on the context within a 
regional species pool, which has a unique historical baggage associated with the environment and conditions 
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in which plant originated and grew (phase 0; Wiens and Donoghue 2004; HilleRisLambers et al. 2012; Lee et al. 2012; Hui 
et al. 2013). Afterwards, life-history traits and elements related to the introduction history determine species 
success of arriving to a new area (phase 1; casual aliens sensu Richardson et al. 2000). Later, this species pool must 
be able to survive (phases 2 and 3; established species sensu Richardson et al. 2000) and undergo environmental 
filtering. Alien plants must be able to survive in a particular abiotic environment (climatic, edaphic and land-
use characteristics), given biotic interactions with the native vegetation community (Cornwell and Ackerly 2009; 
Kleyer et al. 2012), and self-perpetuate (Sax and Brown 2000) in the new area (phases 4, 5 and 6; naturalized species 
sensu Richardson et al. 2000). Additionally, ways of spreading and mechanisms related with dispersal, such as 
dissemination pathways, propagule pressure, residence time, or level of exposure to potentially invasible 
ecosystems (Wilson et al. 2007; Richardson et al. 2011, 2014) will determine the invasive ability of species (phase 
7; invasive species sensu Richardson et al. 2000) (Fig. 1). Traits conferring adaptation and plasticity to the new 
environmental conditions and management practices are also critical during the whole process. 
Fig. 1 A schematic representation of introduction-naturalization and invasion continuum and the scale of study (adapted 
from Richardson et al. 2000). Only a subgroup of introduced species becomes naturalized and, among them, only a 
fraction shows an invasive character
A special case: The Mediterranean basin and Mediterranean regions
The Mediterranean Basin was, around ten thousand years ago, one of the world cradles of agriculture and 
first human civilizations. During the Neolithic Era, the first forms of agriculture and human settlements came 
up in the territory known as Fertile Crescent, located in the Eastern Mediterranean, and comprising within 
the ancient territories of Mesopotamia and Near East. Back to that time, seven founder crops, including four 
cereals (wheat, einkorn, emmer wheat, and barley) and four pulses (lentil, pea, bitter vetch, and chickpea) were 
domesticated (Lev-Yadun et al. 2000); moreover, farming activities also started taking place, with the associated 
domestication of several livestock species, including mainly sheep, goats, cattle, and pigs (Zeder 2008). It took 
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about three millennia that the agrarian and farming culture got expanded throughout the whole Mediterranean 
Basin reaching the Iberian Peninsula (Estévez 1988; Boessneck and von den Driesch 1980; Fig. 2). Once agriculture and 
farming were integrated in humans’ lives, food supply was under control and populations grew drastically, 
involving an increase in the dependence on and the intensification of agriculture (Brown et al. 2008).
Fig. 2 An integrated model of the Neolithic expansion in the Mediterranean Basin. The location and approximate 
dates of colonist farming enclaves are shown by numbers (calibrated years before present). Red color represents the 
place settled by colonist farmers; yellow color indicateswhere indigenous foragers adopted elements of the Neolithic 
package and green color indicates areas of proposed integration of colonist farmers with indigenous foraging groups 
(modified from Zeder 2008)
Later on, a process of global exploration by Europeans known as colonialism took place at the end of 
the XV century, with consequences in human demography, agriculture expansion, and trade and industrial 
intensification. The expansion of the European colonial powers (remarkably Spain) radically increased the 
transport of living material. One major aim associated to colonialism was to exploit new economic crops for the 
empires. Particularly, the discovery of the New World by Spaniards coming from the Mediterranean Basin led 
to a great surge of plant exchange (Cronk and Fuller 1995, and references therein) among different Mediterranean-type 
regions. This phenomenon was specially marked when first female settlers established in the colonized lands 
(National Geographic Society, 1991). Because the morphologic, geographical, historical and societal characteristics 
of the Mediterranean Basin, especially those associated to demographic pressure and exploitation of land for 
agriculture and grazing, the territory presents since ancient times important patterns of land use change and 
anthropic effects on the environment leading to a cultural landscape (Pineda et al. 2002, Schmitz et al. 2005). 
The Mediterranean climate is mainly characterized by mild wet winters and warm to hot, dry summers, and may 
occur on the west side of continents between about 30º and 40º latitude (Lionello et al. 2012). The summer drought 
period characteristic of the Mediterranean climate has become accentuated by the deforestation that has taken 
place around the Mediterranean during the last 2000 years, and the subsequent loss of plant evapotranspiration 
and evaporation from soils (Reale and Dirmeyer 2000; Reale and Shukla 2000; Dümenil-Gates and Liess 2001).
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Mediterranean regions with the above-described climatic characteristics are located in five different 
continents of the planet, including the Mediterranean Basin, California, central Chile, South and South-Western 
Australia, and South Africa. Although sharing climatic patterns, they have had different biogeographical and 
environmental histories associated with the density of human populations as well as the time and intensity of 
the changes and land-use shifts that people have caused in the territory. Despite the Mediterranean biome is 
known for its diverse flora, including five of the biodiversity hotspots (Myers et al. 2000) comparable to tropical 
rainforest or coral reefs, it has been subjected to several impacts caused by humans but with different intensity 
and duration in each of the Mediterranean regions. 
Among anthropic impacts of important concern are alteration of land use, habitat fragmentation caused 
by land-clearing and urbanization (Wade et al. 2003), climate change, alteration of fire regimes, and cross-
introductions of alien species. In this sense, the millenary anthropic modification of the landscape occurred 
in the Mediterranean Basin, together with the human-mediated widespread alteration of biological patterns, 
species distributions and ecosystem land-uses have led to the formation of seminatural systems, cultural 
landscapes or anthropogenic biomes (anthromes sensu Rouget et al. 2015). In this socio-ecological-system, plants 
have co-evolved with people (Di Castri 1981; Perevolotsky and Seligman 1998) over a long time. 
Similar cultural landscapes can also be observed in the other four Mediterranean regions worldwide, but 
the co-evolution of plants with humans has recently occurred, given that effective colonization times vary 
depending on the region considered (Fig. 3). Due to the fact that Mediterranean biomes are enough far away 
from each other to impede the natural flow of exotic species among them, aliens’ spreading is expected to 
follow the cultural landscapes associated to main navigation routes from the period of colonialism onwards 
(Fig. 3; Fig. 4). Surprisingly, while in some Mediterranean-type ecosystems, a displacement of the native flora 
caused by alien invaders has occurred, this trend has barely been observed in others. 
Fig. 3 Similarities among the 
five Mediterranean regions, the 
thickness of the connecting lines 
is proportional to the degree of 
similarity. The dates of Europe-
an settlement of the four ‘colo-
nial’ Mediterranean regions are 
given, as well as the distance be-
tween regions in nautical miles. 
The shorter distance for Califor-
nia-Mediterranean Basin is via 
the Panama Canal, the shorter 
distance for Australia-Mediterra-
nean Basin is via the Suez Canal 
(modified from Fox 1990)
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Fig. 4 Map of the world showing the five Mediterranean regions and the navigation routes among them. Distances 
between the regions are shown in nautical miles (modified from Fox 1990)
For all the above-exposed, Mediterranean-type ecosystems worldwide provide a great chance to compare 
and understand the mechanisms determining the success of species colonization of a given region (Kruger 
et al. 1989; Groves and Di Castri 1991). Nowadays, colonization process is considered a trending topic on which 
numerous research teams have worked (e.g. the teams led by HA Mooney, P Pyšek, A Pauchard, M Chytrý, 
DM Richardson, CM D’Antonio, and M Vilà, among others). Comparison of exotic floras between climatically 
similar regions constitutes a suitable tool allowing understanding the effects of landscape-scale changes 
associated with historical-cultural scenarios (Aschman and Bahre 1977; Kruger et al. 1989; Aschman 1991), and other 
aspects related with the naturalization process (Pauchard et al. 2004; Hierro et al. 2005). Among comparative studies 
of different Mediterranean-climate regions, those between Chile and California have been intensely analyzed 
(e.g. Parsons 1976; Arroyo et al. 1995a; Holmgren et al. 2000; Pauchard et al. 2004; Jiménez et al. 2008); similarly, comparisons 
between California and Spain (Leiva et al. 1997), or California and other geographic regions such as South Africa 
(Cowling and Campbell 1980) and Australia (Arroyo et al. 1995b). Despite the strong historical and socio-economic 
relationships between Chile and Spain, comparisons between the Mediterranean regions of these countries are 
scarce in scientific literature.
Considering the cultural, historical, and anthropological commonalities shared by both countries, Spain and 
Chile, and that those historical relationships between them favored the entry of exotic species coming from 
the Mediterranean Basin into Chile, it seems appropriate to contemplate the comparison between these two 
countries. Spaniards colonialism occurred in Chile during the XVI century and the implementation of European 
livestock and agricultural culture leaded to big direct (ploughing, cropping and grazing) and indirect (fire and 
deforestation employed as techniques for preparing the land for agriculture and livestock farming) changes, 
the extent of which are yet not well known (Turner et al. 1995). Particularly, in central Chile, sclerophyllous forests 
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were cleared and displaced by modified woodlands dominated by alien introduced species (Van de Wouw et al. 
2011), and later those woodlands were opened for grazing and cropping, resulting transformed into grasslands 
mostly dominated by species from the Mediterranean Basin.
Associated to the Spaniards’ arrival, alien species were introduced by exozoochory, coupled with merino 
sheep transported for wool trade, with hay for livestock fodder, and with wool and cereals (Castro et al. 2005). 
Several studies have associated the naturalization of those plants with processes of grazing by livestock 
(Holmgren et al. 2000; Pauchard and Alaback 2004; Del Pozo et al. 2006; HilleRisLambers et al. 2010). Thus, although Chilean 
and Spanish plant communities have undergone different process of invasion, previous reports highlighted the 
large number of species common to both regions (386, which is 64% of Chile’s non-native flora; Pauchard et al. 
2004). 
Mediterranean regions of the Iberian Peninsula and central Chile also share agro-silvopastoral systems 
called dehesas and espinales, respectively (Fig. 5). They have a similar physiognomy (an anthropic savanna-like 
formation characterized by a continuous herbaceous layer with scattered trees), and land-use management 
(continuous extensive grazing with a low stocking rate in flatlands and rotation of grazing and cereal cropping 
in the better drained hillsides; Ovalle et al. 2005). Thus, natural and ancestral cultural factors based on silvopastoral 
activity converge in these scenarios (Ruiz Pérez 1986).
Fig. 5 Typical Spanish dehesa (left), and Chilean espinal landscape (right)
The origin of the dehesa dates back several centuries. It contains scattered trees of holm oak (Quercus ilex 
subsp. ballota) or cork oak (Quercus suber) within a herbaceous layer comprising mainly winter annuals (Joffre 
et al. 1999; Gea-Izquierdo et al. 2010) adapted to Mediterranean-type climate. Dehesas are characterized by a very 
high plant species richness (Pineda and Montalvo 1995), and cover about 3.5 million ha in South Western Spain 
(MAPA 2008) and about 0.7 million ha in Portugal (known as montados; Pereira et al. 2004). Savanna-like grasslands 
from the Iberian Peninsula are usually exploited by extensive livestock, especially for meat production (beef, 
lamb and pork), and breeding fighting bulls. Undoubtedly, they constitute an importance economic income, as 
well as a cultural patrimony, for being a reflection of the heritage of the cultural legacy since many centuries 
ago (Montoya 1983; Ruiz Pérez 1986; Pineda 1990; Pineda and Montalvo 1995; Pineda et al. 2002; Schmitz et al. 2005; Pineda and 
Acosta-Gallo 2012).
The espinal originated along the XVI century. It has dispersed trees of Acacia caven Mol. (the espino) within 
a herbaceous matrix comprising annual plants of Mediterranean origin (Olivares and Gastó 1971; Ovalle et al. 2005; del 
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Pozo et al. 2006). It supports a large rural population (350,000 people) and livestock (800,000 sheep and 250,000 
cows) covering an area of 2 million ha in Chile’s central zone (Ovalle et al., 1999) and a broad rainfall gradient 
from 200 to 1200 mm of annual precipitation. Like the dehesa, the espinal also presents high species diversity 
(Gulmon 1977; Del Pozo et al. 2006). 
The dehesa represents the source and the espinal the recipient area for most of the exotic species of 
central Chile, and therefore they constitute an excellent scenario to study the process of colonization and 
naturalization of exotic species (Pauchard et al. 2004; Jiménez et al. 2008). The Chilean Mediterranean region, despite 
being a biodiversity hotspot (Ormazabal 1993), with high levels of regional and national endemism due to its 
biogeographic isolation (Myers et al. 2000), around the 18% of its flora (Arroyo and Cavieres 1997; Arroyo et al. 2000; 
Figueroa et al. 2004, 2011) is formed by alien species (507 exotics; Figueroa et al. 2011). Paradoxically, despite the 
percentage of alien species present and their early colonization, Chile is considered a region that has been less 
invaded or is in an earlier stage of invasion than other Mediterranean regions of the world (Arroyo et al. 2000; 
Figueroa et al. 2004; Castro and Jaksic 2008). Do to the similarities between the dehesa and espinal systems, points 
to consider that a higher percentage of alien species would have had the same potential to get naturalized in 
Chile, therefore, it is interesting to know the underlying mechanisms determining that some species arrive, 
establish, and become naturalized or even invasive and others do not. 
Most of previous researches about colonization are focus on the regional scale and on the consequences of 
a single alien species. Moreover, usually they only study the naturalization process within the colonized region. 
Our approach constitutes a novelty considering the lack of studies that focus on plant communities and their 
relationship with ecological characteristics, as well as land-use and management, not only in the colonized area 
but also in the native range. Additionally, we assess plant community assembly including alien species, while 
classic studies (with few exceptions as Pyšek et al. 2005; Hui et al. 2013) used to focus only on native plants assembly 
within the community (Rouget et al. 2015).
Our international research team is formed by the Departments of Ecology of the Complutense University 
of Madrid and Autónoma University of Madrid, together with the Faculty of Agronomy at the Talca University, 
and the INIA Institution in Chile. The project called ‘Naturalización transcontinental de especies herbáceas y 
organización espaciotemporal en pastizales mediterráneos’1 has been recently developed by our team. Thanks 
to this, the role of this agroecosystems and the importance and curiosities of the novel communities created 
by the coexistence of native and exotic species can be assessed. The present study forms part of that project; 
it dedicates a considerable part of its efforts to elucidate and fully understand the underlying mechanisms of 
the transcontinental naturalization process. To face this general objective, a multi-scale approach has been 
contemplated.
1  Casado MA (Coord.) (2009) Naturalización transcontinental de especies herbáceas y organización espacio- temporal en 
pastizales mediterráneos. Spanish Ministry of Science and Innovation, reference CGL2009-08718
16
Introduction
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
AIMS Of ThE STUDy
The main aim of this study is to assess the ecological patterns and processes that have determined the alien 
species coming from the Mediterranean Basin got established, naturalized and subsequently organized within 
plant communities in the Mediterranean region of central Chile. There is a double connecting thread and 
continuity between different phases of the colonization process and different spatial-temporal scales associated 
with the barriers overcome in each phase (Fig. 6). Along the present study, the multi-approach followed goes 
from the more general processes –arrival and establishment– expressed at a biogeographical scale (Chapters 
1 and 2), to those focused on naturalized plant communities and their relation with environmental filters 
(Chapter 3), as well as their organization in the space (Chapter 4) and time (Chapter 5). Finally, it focusses on 
finer spatial scales to study the adaptive mechanisms of different exotic species populations (Chapter 6), and 
the invasive ability of the most representative alien species in Chile (Chapter 7).
Fig. 6 The introduction-naturalization and invasion continuum and the scale of study at which phases of the colonization 
process are studied in each Chapter of the present study
First of all we focus on the state of the art of the alien flora present in Chile. Which alien species are already 
present in Chile? This constitutes a reflection of the arrival of exotic species to Chile and the subsequent 
establishment in the non-native range and it is addressed in the Chapter 1. This chapter consists on an evaluation 
of the current situation of the alien flora in Chile. The main aim is to analyze the relative significance of the 
biogeographic origin, lifecycle and representativeness of taxonomic families in Chile’s alien flora in order to 
understand the context of the scenario that we want to compare to Spain. It is mainly descriptive, constituting 
the base of knowledge on which we proceed to state concrete hypotheses.
Once we know the Chilean naturalization context, we focus on understanding the arrival and the factors 
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conditioning the species establishment. As the state of the art reveals a possible preadaptation of the species 
that causes differential colonization depending on the climate and the biogeographic origin, we assess this 
phenomenon at a biogeographical scale in Chapter 2. It consists on a comparison of environmental features 
between bioregions of source –Iberian Peninsula– and recipient –Chile– areas following a latitudinal 
gradient. The main aim is to analyze the association of Chile’s non-native herbaceous flora with the habitat 
characteristics of these species on the Iberian Peninsula. 
We also evaluate environmental filtering at a regional scale focusing on plant communities which are the 
reflection of the species that have become naturalized. Thus, in Chapter 3, we assess the role of abiotic (climate 
and soil) and biotic factors on the process of naturalization of exotic species in central Chile, conducting a study 
along a rainfall gradient. Abiotic conditions can act in both, the source (by selecting those species with the 
highest potential to colonize other areas) and the recipient areas (by determining their success at establishing 
and spreading), but their effect might be different depending on the region of origin and evolutionary history 
of the species (natives or exotics). In the recipient area, success would be conditioned by the interactions with 
native Chilean species (biotic factors). 
Another aspect that the state of the art reveals is that a different community organization might be 
occurring in the source and the recipient areas. Thus, in Chapter 4 we evaluate the community structuring in 
order to identify inter and intra-regional differences in the spatial organization (i.e. species co-occurence) of 
native and alien species in both, the native and the non-native ranges.
The study of the temporal organization of plant communities constitutes the main aim of Chapter 5. 
We assess the dynamic patterns of native and exotic species in the process of community ontogeny along a 
secondary successional gradient. Grasslands communities, mainly formed by annual herbaceous species are 
highly dynamic and studies assessing communities formed by a pool of native and exotic species together are 
scarce. Whether alien species always constituted a threat to native biodiversity, a detriment of native species 
would occur along succession due to the effect of alien species in the community. 
Afterwards, we focus on the population scale, and evaluate the adaptive mechanisms on which populations 
of three species rely on to improve their success in colonization. The species of study are Leontodon taraxacoides 
(Vill.) Mérat. subsp. longirostris Finch and P.D. Sell, Hypochaeris glabra L., and Trifolium glomeratum L, native to 
Spain although naturalized and widely distributed in Chilean espinales. On the one hand, we evaluate differences 
in adaptive traits (i.e. plant survival, phenological development, and biomass and seed production) which allow 
elucidating the main adaptive strategies (phenotypic plasticity or ecotypic differentiation) employed by plants 
to successfully get adapted to the new environmental conditions imposed in their non-native range (Chapter 
6). 
Finally, in Chapter 7, we select L. taraxacoides, because of being the most abundant exotic species in Chile, 
and being considered as invasive (sensu Richardson et al. 2000). We study its invasive ability mainly focused on 
its spreading capacity, which might be determined by the seed output and the achene dimorphism patterns. 
What we want to evaluate is whether the propagule pressure and the capacity to spread vary depending on 
the origin and the environment of the population studied. If so, we would expect that the invasive ability 
appears enhanced by producing a larger number of seeds, and a higher proportion of central achenes within 
the capitulum, due to its anemochorous dispersal which confers them the ability to reach further areas.
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Flora of the Mediterranean basin in the Chilean espinales: evidence of colonization. Pastos 42:135–158
State of the art of the 
Chilean exotic flora
“History develops, art stands still”
Edward Morgan Forster
“Somewhere, something incredible is waiting to be known”
Carl Sagan
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
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INTRODUCTION
Historically, the transit of goods, domestic animals and people has favored the flow of wild organisms 
around the planet (Lodge et al. 2006), a fact that is often associated with the introduction of cultural systems, 
which have contributed to generate new environmental and socioeconomic scenarios (Le Houérou 1981; Hobbs 
1998; Grenon and Batisse 1989). The current globalization process is increasing landscape changes and ecosystem 
disruptions by human disturbance and therefore facilitating the transit of organisms (Paskoff and Manríquez 1999; 
Rouget et al. 2003; Dukes and Monney 2004; Schwartz et al. 2006). These ‘assisted dispersals’ enable species to cross 
biogeographical boundaries that have previously limited their distributions. Species that have been transported 
from one region to another are defined as alien or exotic to that newly occupied region (Richardson et al. 2000). 
Most of these species fail to establish self-perpetuating populations, but some of them do succeed and become 
naturalized (Sax and Brown 2000). Regardless of the factors enabling establishment, the main consequence of this 
naturalization is that alien species significantly contribute to the global floristic (taxonomic and phylogenetic) 
homogenization of regional floras (Winter et al. 2009). Despite the fact that introduction of species increases 
diversity at short temporal and small spatial scales, in the medium and long term, interactions with native 
species can lead to extinctions (Pyšek and Richardson 2006). The net effect will depend upon the spatial and temporal 
scales considered and on the balance between naturalizations and extinctions (Sax et al. 2002). Nonetheless, the 
resulting ecological consequence is the coexistence of native species with exotic ones, quite often in the same 
community. The origin and composition of these novel communities are of great interest to understand their 
functioning and possible management. 
Transcontinental naturalization in Chile’s flora 
Mediterranean-type ecosystems around the world offer a great chance to compare and understand the 
mechanisms determining the success of species introduced into a given region (Kruger et al. 1989; Groves and Di 
Castri 1991). The different regions presenting a Mediterranean climate have had different environmental histories 
associated with the density of human populations as well as the time and intensity of the changes that people 
have caused in the territory. In the Mediterranean Basin, anthropic modification of the landscape is millenary; 
however, rates of species extinction and naturalization are low in comparison with other Mediterranean regions 
(Greuter 1994). This fact is explained as a process of co-evolution of plants with people (Di Castri 1981). Conversely, 
other Mediterranean areas have undergone a rapid change following successive cultural colonialisms, some of 
these relatively recent, a fact that accounts for the current ecological conditions threatening the biodiversity 
of these areas (Underwood et al. 2009). 
As occurs with other Mediterranean regions, Chile is recognized as a biodiversity hotspot (Ormazabal 1993), 
with high levels of regional and national endemism, possibly related with its biogeographic isolation (Myers 
et al. 2000). Its flora comprises 5364 native taxa, including species and subspecies (Marticorena and Quezada 1985; 
Marticorena and Rodriguez 1995, 2001) and between 552 and 723 alien species, depending on the author considered 
(Arroyo et al. 2000; Castro and Jaksic 2008). Paradoxically, despite the large amount of alien species present and their 
early colonization, Chile has been considered a region that has been less invaded or is in an earlier stage of 
invasion than other Mediterranean regions of the world (Arroyo et al. 2000; Figueroa et al. 2004; Castro and Jaksic 2008). 
The arrival of exotic species to Chile started with the European colonization in the XVI century (Arroyo et 
al. 2000; Figueroa et al. 2004), which marked the first deliberate introduction of animals and plants (Montenegro et 
al. 1991; Jaksic 1998). The rate of species entry in these early days is unknown, since the initial systematic botanic 
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descriptions of flora date from the XVIII century and were performed by botanists who were more interested 
in describing the native species than on the exotic ones (Gay 1845-1854; Reiche 1896-1911). By the end of the XVIII 
century, numerous exotic species had become naturalized in Chile (Figueroa et al. 2004), such as Cardamine hirsuta 
L., Medicago polymorpha L., Spartium junceum L. and Bromus hordeaceus L. (Castro et al. 2005). Although this 
species introduction has not been consistent over time, a rate of two to three species per year is estimated, 
which is lower than the four to six species recorded for other Mediterranean regions (Groves 1991; Kloot 1991; 
Rejmánek et al. 1991; Wu et al. 2003). 
Processes and mechanisms in species introduction 
Changes in land use constitute the main factor determining processes of colonization and naturalization of 
plant species (Le Houérou 1991; Huston 1994; Holmgrem et al. 2000). Among the most influential factors, deforestation, 
fires and particularly agricultural practices have been highlighted (Le Houérou 1991; Cowling et al. 1996; Williamson 1996; 
Hobbs 1998). With regard to deforestation, although Chile still has one of the biggest areas of temperate forest 
in South America (Donoso 1993), much of it has been deforested for pastures or croplands. This process started 
in the XVI century, although the main boom was during the middle of the XX century, with the expansion and 
intensification of wheat crops (Echeverría et al. 2006) and the spread of forestry plantations. In relation to fire, 
unlike other Mediterranean climate areas, fire has not constituted a factor of natural disturbance in Chile (Muñoz 
and Fuentes 1989; Gómez-González and Cavieres 2009), a fact that accounts of the absence of specific adaptations in 
native species. Although there is evidence of fires of human origin in earliest settlements in the region, around 
14,000 years ago, these were not significant until the arrival of the Spanish (Aronson et al. 1998; Aravena et al. 2003; 
Villa-Martínez et al. 2003). Subsequently, fires became more frequent and intense, and currently about 5,000 ha 
of native shrubland are burnt each year, the vast majority of these fires being intentional (Gómez-González and 
Cavieres 2009). It has been suggested that plant communities under novel fire regimes are more susceptible to 
invasion than those under a natural (historical) fire regime (Trabaud 1991; D’Antonio 2000). However, different 
studies that have analyzed the effects of fire upon native and non-native Chilean flora appear to indicate that 
fire is not a relevant factor with regard to favoring non-native species (Keeley and Johnson 1977; Holmgrem et al. 2000; 
Gómez-González et al. 2010). Fire does, however, constitute a notable advantage for the establishment of annual 
plants, which are poorly represented in Chile’s native flora (Arroyo et al. 1995). 
The implementation of European agricultural culture in the XVI century leaded to big changes in land uses 
and landscapes in Chile, the extent of which are yet not well known (Turner et al. 1995). The effects of agriculture 
have been both direct (plowing, cropping and grazing) and indirect (fire and deforestation, employed as 
techniques for preparing the land for agriculture and livestock farming). Livestock was introduced into Chile, 
perhaps at the same time as the colonization by Europeans. Other herbivores, however, such as rabbits and 
hares, were brought more recently, in the XIX century (Jaksic and Soriger 1981). Several studies have associated the 
naturalization of exotic plant species with grazing by both livestock (Holmgren et al. 2000; Pauchard and Alaback 2004; 
Del Pozo et al. 2006; HilleRisLambers et al. 2010) and rabbits (Sáiz and Ojeda 1988; Holmgren et al. 2000; Holmgren 2002). The 
effect of grazing on native or non-native species has been characterized using morphofunctional plant traits, 
revealing differences in their response. For instance, grazing appears to favor some exotic creeping species, 
such as Erodium cicutarium (L.) L’Hér. and some leguminous species, in detriment to the upright ones, the 
latter more closely associated with native species (Holmgren et al. 2000). Grazing also favors substitution of native 
hemicryptophytes by both native and non-native annuals, capable of resisting periods of drought stress as 
seeds.
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Many exotic plants were also introduced associated with crops, and became widely distributed as a result 
of the importance of agriculture in the country (Castro et al. 2005). Crop fields, particularly along their succession 
stages following abandonment, constitute the ecosystems presenting the highest values for richness and cover 
of non-native plants in Chile (Figueroa et al. 2011). Since colonization the introduction process has continued, 
although with different rates along time. Thus, Aronson et al. (1998) highlight an initial wave of exotic species 
from 1880 to 1920 associated with transformation of the landscape. Fuentes et al. (2008) recognize an initial 
phase (1910-1940) associated with intense development of agriculture (Cariola and Sunkel 1982), as well as a 
second phase (1980-2000) related with a sharp increase in the mechanization of farms and forest plantations 
at large scale. Matthei (1995) describes a sustained increase in the naturalization of exotic species from 1894 
to 1934 associated with wheat imported from other countries. 
Although many species were accidentally introduced into Chile (Arroyo et al. 2000), many were taken for 
agricultural, medicinal, culinary and, more recently, ornamental purposes. Since the arrival of the Spanish, 
species were introduced associated with hay for livestock fodder and with wool and cereals. Endozoochory 
likely constitutes the most frequent mechanism of effective seed dispersal. However, during transit from Spain 
to Chile, exozoochory was probably the most effective mean of dispersal, given the difference in time between 
the transoceanic voyage and the time required for seeds to pass through an animal’s digestive tract (generally 
less than one week; Malo and Suárez 1997). Europe was not the only center of introduction of non-native species to 
Chile. During the Gold Rush, in the middle of the XIX century, there was intense wheat trading with California 
(Davis 1894), a fact which mobilized other species, together with grain and straw, in both directions (Le Houérou 
1991, Jiménez et al. 2008), especially from Chile to California. 
Comparative studies of transcontinental naturalization
Comparison of non-native floras between climatically similar regions constitutes a very useful tool for 
understanding aspects associated with the species naturalization process (Pauchard et al. 2004; Hierro et al. 2005). It 
can help us to understand the effects of changes in the landscape associated with historical or cultural scenarios 
upon the naturalization process (Kruger et al. 1989; Aschman, 1991). Among comparative studies of different regions 
with Mediterranean climates, those between Chile and California have been intensely analyzed (e.g. Parsons 1976; 
Arroyo et al. 1995; Holmgren et al. 2000; Pauchard et al. 2004; Jiménez et al. 2008). These researches highlight the large 
number of species common to both regions (386, which is 64% of Chile’s non-native flora; Pauchard et al. 2004), as 
well as the fact that their communities are undergoing different process of invasion with similar consequences 
of floristic homogenization (Figueroa et al. 2011). However, to date there have been no comparative studies 
between Chile and Spain, despite their climatic and geomorphological similarity, the historical relationships 
that favored the entry of species into Chile and the large number of species common to both countries. Many 
of these naturalized species are associated with the espinal, an agroecosystem presenting a management 
system and structure similar to those of the Spanish dehesa (Ovalle and Avendaño 1987; Ovalle et al. 1990). However, 
as these agricultural systems are similar in both countries, we are not fully aware of the mechanisms underlying 
the arrival of determined species and the subsequent naturalization and spread thereof. 
The aim of this paper is analyze the relative significance of the biogeographic origin, lifecycle and 
representativeness of taxonomic families in Chile’s non-native flora. We considered three scales of analysis: 
national, regional (the central zone presenting a Mediterranean climate) and community (the espinales within 
the central zones). In the third case, we also conducted a comparative study with Mediterranean grasslands from 
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the Iberian Peninsula in order to identify the degree of similarity in the floristic composition of communities 
with comparable ecological and agronomic characteristics. 
MATERIAL AND METhODS
Study area
The espinal is an anthropic savannoid formation characterized by dispersed trees of Acacia caven Mol. (the 
espino) within a herbaceous matrix comprising mainly annual plants of Mediterranean origin (Olivares and Gastó 
1971; Ovalle et al. 2005; del Pozo et al. 2006). It supports a rural population of approximately 350,000 people, as well 
as the largest Chilean livestock: 800,000 sheep and 250,000 cows. It covers an area of two million hectares 
in Chile’s central zone, ranging along the Central Valley and the western slopes of the Coastal mountain 
range (Ovalle et al. 1999). It currently occupies mainly the dryland sectors (Fig. 7), from the river Petorca (32° 
S), bordering on the arid Mediterranean region, to the river Laja (37º S), bordering on the perhumid region 
(Fuenzalida and Pisano 1965; Di Castri 1968; Quintanilla 1981; Rodríguez et al. 1983). Further north, in the arid and perarid 
regions, some espinales can be found, preferentially 
located in valley bottoms (Follman and Matte 1963; 
Rodríguez et al. 1983). Their distribution is associated with 
Mediterranean-climate areas, albeit with very variable 
annual rainfall, from 160-200 mm at its northern 
limit and up to 1000-1200 mm at the southern one. It 
presents high species diversity (Gulmon 1977; Solbrig et al. 
2002; Del Pozo et al. 2002) and to date, 215 species have 
been identified only in the Cauquenes region (Ovalle et 
al. 1987). It originated through changes in land uses after 
the Spanish conquest; the native sclerophyllous forest 
was cleared in order to open up land for agriculture 
and livestock farming, which favored gradual invasion 
by the exotic species A. caven (Gulmon 1977; Armesto 
and Pickett 1985; Ovalle et al. 1990), possibly from South 
America’s Gran Chaco (Holmgren 2002). 
The espinal is an agrosilvopastoral system 
presenting much similarity with the Spanish dehesas 
and Portuguese montados. It has traditionally been 
based upon two models of management: continuous 
extensive grazing in flatlands, occasionally inundated 
during winter, and rotation of grazing and cereal 
cropping in the better drained hillsides (Ovalle et al. 2005). 
In the latter case, the espino is periodically cut down 
for firewood and charcoal. The land is subsequently 
ploughed for sowing cereal crops. After one or two 
years’ harvest, depending upon the fertility of the soil, 
the land is abandoned and colonized by herbaceous 
Fig. 7 Location of Chile (in grey) in South America 
and enlargement of the central zone. The shaded 
area represents the main distribution areas of espinal 
(modified from Ovalle et al. 1999)
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species, while shoots grow from the stump of the espino. In this phase, the land is used for extensive grazing 
with a low stocking rate of approximately one sheep/ha (Del Pozo et al. 2006). The grazing period prior to the 
following cropping cycle is variable, from three to 40 years, depending on the fertility of the soil. 
The espinal is currently more degraded than in past times. In the first place, an increasingly greater area 
of the espinales in the Central Valley is being replaced by intensive irrigation agriculture. Furthermore, many 
owners have abandoned their traditional farming activities for forest plantations (approximately 80,000 ha/
year), mainly of Pinus radiata D. Don or Eucalyptus globulus Labill. Finally, the territory still maintaining 
functional espinales has usually low fertility and soil erosion, leading to low agricultural production. At present, 
40% of the area is occupied by espinales with very little tree cover (<25%) and 4% is dominated by romerillo 
(Baccharis linearis (Ruiz and Pav.) Pers.), which indicates a situation of degradation and abandonment. 
Under these circumstances, the cereal-pasture rotation system is in decline and limited to small areas, almost 
exclusively for people’s own consumption.
Methodology 
For our research we developed a database containing all non-native species found in Chile. We used the 
catalogue of Chilean flora by Marticorena and Quezada (1985, 1987), along with information provided by the 
Laboratorio de Invasiones Biológicas de la Universidad de Concepción (http://www.lib.udec.cl/database.html). 
This list was complemented with an extensive bibliographic revision incorporating some exotic species recently 
cited in the country. Each species was characterized by assigning its taxonomic family, area of origin, life cycle 
and distribution range within Chile. To assign the area of origin and life cycle we used different regional floras, 
fundamentally Flora Ibérica (Castroviejo et al. 1986-2010), Flora Europaea (Tutin et al. 1964-80) and Flora del Cono Sur 
(Zuloaga et al. 2008). As regions of origin we considered the four big continents: Eurasia, Africa, America and 
Australasia. Apart from these four large regions we considered independently the Mediterranean Basin (SE, S 
and SW of Europe, N Africa and SW Asia), given the non-native typology of species present in Chile. Species 
present in more than one continent were classified as Cosmopolitan. As for the life cycle trait, we classified 
them into three groups: annual, perennial herbaceous and woody species. Finally, for the distribution range 
within Chile we took the 15 administrative regions as units (from the Tarapacá Region in the far north to the 
Magallanes Region at the southern limit), excluding the species present only on the islands belonging to Chile 
(Easter Island and the Juan Fernández archipelago). We obtained these data mainly from Castro et al. (2005), 
Martincorena (http://www.lib.udec.cl/database.html) and Zuloaga et al. (2008). We considered the set of 
non-native species present throughout the country, as well as those distributed only in the central zone (from 
the Coquimbo region in the north to the Bío-Bío Region in the south; Fig. 7).
In order to complement our database of non-native species, in 2010 we conducted field samplings, both 
in Chilean espinales and in Spanish Mediterranean grasslands. In each country we selected 15 sites and in each 
one we chose two 10 x 10 m plots in which we randomly distributed six 50 x 50 cm quadrats. In each quadrat 
we recorded the presence of all plant species. Each species was assigned a value of frequency according to the 
number of sites in which it was recorded in each country. The 30 sites selected presented similar lithological 
characteristics (acidic materials associated with igneous or metamorphic rocks), geomorphological ones 
(undulating topography) and those relating to use history (management for extensive livestock farming). In the 
case of Chile the 15 sites were distributed within the Mediterranean region, over more than 600 km, from 32º 
31’ 35’’ to 37º 00’ 10’’ S latitude. In the case of Spain the 15 sites were distributed within the center-western 
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areas (Extremadura, N Andalucía and W Castilla-La Mancha, from 40º 14’ 45’’ to 37º 51’ 40’’ N latitude). For 
all species of European origin, we standardized the nomenclature in accordance with Flora Ibérica (Castroviejo et 
al. 1986-2010), and in the case of families as yet unpublished in this study, with Flora Europaea (Tutin et al. 1964-80). 
RESULTS
The list of Chile’s non-native flora comprises 773 species or subspecies, which, following exclusion of 
spurious citations, was reduced to 698 taxa (548 in the central zone and 75 in the espinales), 50 of which are 
woody species and the rest herbaceous ones. This large set of species is distributed into 72 families, of which 
the best represented ones at country scale are Poaceae (19.8% of species), Asteraceae (13.9%) and Fabaceae 
(10.2%). This distribution of species into families is very similar when the Chile’s central zone was exclusively 
considered (Fig. 8). However, the spectrum of families present in the flora of the espinales is very different, and 
is characterized by a higher proportion of Poaceae, Caryophylaceae, Rubiaceae, Rosaceae and Geraniaceae, 
and a decrease in the proportion of Brassicaceae. 
Fig. 8 Frequency histograms of the distribution of non-native species according to taxonomic families. Only the nine 
most represented families are shown. Each histogram shows the frequency calculated at country scale (light orange bars; 
n= 698 species), of Chile’s central zone (medium orange bars; n = 547 species) and of the espinales (dark orange bars; 
n= 75 species). In the case of Spanish grasslands (purple bars) frequency was calculated with the total number of species 
found in the field samplings (n = 229 species)
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This distribution into families of the espinales is relatively similar to that seen in Spanish grasslands, except for 
the fact that Spain presents more Fabaceae (18.5% vs 12%) and Brassicaceae (3.5% vs 1.3%), and the espinales 
more Caryophylaceae (9.3% vs 7.1%), Rubiaceae (4% vs 1.3%), Rosaceae (5.3 vs 1.3%) and Geraniaceae (5.3% 
vs 1.8%).
With regard to the area of origin of Chile’s non-native species, at the scale both of country and of the central 
zone, species of Eurasian origin (39.7%) dominate and, to a lesser degree, those of Mediterranean origin (28.4%) 
(Fig. 9). However, when only the flora of the espinales is considered, the species from the Mediterranean Basin 
increase to 49.3% and those of Eurasian origin to 48%, thus Eurasia in the broader sense constitutes the area of 
origin of 97.3% of non-native species. This tendency is maintained in Spanish grasslands, with values of 97.8% 
for species from Eurasia (72.1 and 25.7% for species of Mediterranean and Eurasian origin, respectively).
Fig. 9 Frequency histograms of the distribution of non-native species according to the region of origin. Each histogram 
shows the frequency calculated at country scale (light orange bars; n = 698 species), of Chile’s central zone (medium 
orange bars; n = 547 species) and of the espinales (dark orange bars; n = 75 species). In the case of Spanish grasslands 
(purple bars) frequency was calculated with the total number of species found in the field samplings (n = 229 species)
Both in Chile as a whole and in the central zone, the vast majority of non-native species are herbaceous, 
both annual (55.8%) and perennial (37%) (Fig. 10). This trend is accentuated in the espinales, where none 
exotic woody species have been found and annual plants represent 84%, a value very similar to the 81.2% 
of annual species found in Spanish grasslands. Life cycle (annual, herbaceous perennial and woody) is not 
independent from the area of origin of the non-native species (table of contingency between areas of origin 
x life cycle, χ2=169.18, p < 0.001): among the species of African and American origin there are significantly 
more woody and perennial herbaceous plants than expected at random; among those of Mediterranean origin 
there are significantly more annual species; and among those of Australian origin there are significantly more 
woody species. 
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Fig. 10 Frequency histograms of the distribution of non-native spe-
cies according to their life cycle: annual (ligt green bars), perennial 
herbaceous (dark green bars) and woody (brown bars) plant. For 
Chile, the central zone and the espinal we only considered non-na-
tive species. For Spanish grasslands, we calculated frequency with 
the total number of species found in the field samplings
In the field samplings we recorded a total of 229 species 
in the Spanish grasslands and 152 in the Chilean espinales, 
49% of which were non-native. Of the 10 most common 
species in Spain, all but one (Agrostis pourreti Willd) can 
be found in the catalogue of non-native species of Chile; 
moreover, they were found in the sampling in the espinales 
(Table 1). Likewise, of the 10 most common species in the espinales, all but one (Soliva sessilis Ruiz and Pav.) 
are non-native and have been found in sampling conducted in Spain. 
Table 1. List of the 10 most frequent species in Spain (a) and in Chile (b). For each species taxonomic family, distribution 
in Spain and Chile and frequency of appearance in each country are shown.
Species family Distribution
frequency in 
Spain (%)
frequency in 
Chile (%)
a) Spain
Plantago lanceolata Plantaginaceae Both 42.2 11.4
Bromus hordeaceus Gramineae Both 42.8 63.6
Trifolium campestre Leguminosae Both 49.7 1.9
Vulpia muralis Gramineae Both 50.3 22.2
Hypochoeris glabra Compositae Both 50. 6 61. 7
Plantago coronopus Plantaginaceae Both 56.9 0.1
Agrostis pourretii Gramineae Spain 58. 9 0.0
Trifolium glomeratum Leguminosae Both 58. 9 23.1
Tolpis barbata Compositae Both 63.1 5.3
Leontodon taraxacoides subsp. longirostris Compositae Both 69.4 83.3
b) Chile
Petrorhagia prolifera Caryophyllaceae Both 6.4 33.6
Soliva sessilis Compositae Chile 0.0 33. 9
Erodium cicutarium Geraniaceae Both 15.8 34.7
Trifolium dubium Leguminosae Both 8.3 35.0
Briza minor Gramineae Both 4.2 46. 7
Erodium botrys Geraniaceae Both 3.3 49.7
Hypochoeris glabra Compositae Both 50. 6 61. 7
Bromus hordeaceus Gramineae Both 42.8 63.6
Aira caryophyllea Gramineae Both 8.8 64.4
 Leontodon taraxacoides subsp. longirostris Compositae Both 69.4 83.3
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DISCUSSION
Arroyo et al. (2000) and Figueroa et al. (2004) consider that in continental Chile there is a total of 707 
naturalized non-native species and subspecies. This value is somewhat higher than the 698 taxa considered 
in this paper, approximately 12% of the total flora. Despite the fact that some recent introductions have been 
done, a greater amount of species have been excluded from the list due to being spurious citations. The amount 
of exotic species in Chile, however, is likely higher, considering the little botanical prospection conducted in 
certain parts of the country. Thus, during the sampling and in view of the lack of confirmation, at least 5 species 
had not been previously cited: Aphanes microcarpa (Boiss. and Reut.) Rothm., Logfia minima (Sm.) Dumort., 
Moenchia erecta (L.) G. Gaertn., B. Mey. and Scherb., Trifolium cernuum Brot. and Vulpia ciliata Dumort. 
Considering only the central Mediterranean zone, Figueroa et al. (2011) recognized 2395 native species and 
507 non-native ones, which account for 18% of the flora in this region (Arroyo and Cavieres 1997; Arroyo et al. 
2000). In this case, our data contain 548 non-native species in the central zone, a difference possibly associated 
with the geographic definition of this zone. This non-native flora contains a large number of families, none of 
which show any clear dominance, although the most common ones are Poaceae, Asteraceae and Fabaceae, in 
accordance with the three most invasive families worldwide (Pyšek 1998).
Most of Chile’s non-native species are annual plants (56%) of Eurasian-Mediterranean origin (68%). The 
dominance of exotic annual species coincides with the findings of other authors for other Mediterranean-
climate regions (Le Floc’h 1991; D’Antonio and Vitousek 1992; Cowling et al. 1996; Figueroa et al. 2004; Norton et al. 2007). 
Their rapid growth and high reproduction rates, and capacity to resist unfavorable periods in the form of seeds 
make them more competitive in repeatedly disturbed open spaces, such as those created by fire, plowing or 
grazing (Le Floc’h 1991; Gómez-González et al. 2010). As for biogeographical origin, our results show that they are 
preferentially from the Mediterranean Basin or, in a broader sense, Eurasia, which would coincide with the 
findings of several authors for Chile and other Mediterranean-climate areas (Montenegro et al. 1991; Arroyo et al. 
2000; Holmgrem et al. 2000; Figueroa et al. 2004; Castro et al. 2005). 
The annual character and Mediterranean origin predominating in non-native Chilean plants could be 
related to the different use history from that of the Mediterranean Basin. The pastures of the Mediterranean 
basin have been subjected to an intense grazing regime involving bovines and other domestic herbivores for 
over 6,000 years of its evolutionary history (Perevolotsky and Seligman 1998). This long history of coexistence with 
natural and anthropic disturbances has determined processes of co-evolution between plants and agriculture 
(Di Castri 1981; Cowling et al. 1996; Perevolotsky and Seligman 1998; Holmgren 2002; Hayes and Holl 2003, Kimball and Schiffman 
2003; Ricotta et al. 2009; HilleRisLambers et al. 2010), which have selected the plants presenting more competitive 
traits in a context of continuous grazing such as, for example, forms of growth, concentration of nutrients in 
tissues or position of growth meristems, among others (Adler et al. 2004; Díaz et al. 2007). On the contrary, Chile’s 
Mediterranean region underwent a drastic transformation since the colonization only 500 years ago and its 
native flora might not have co-evolved with large herbivores in the last 10,000 years. This lack of adaptation 
to continuous grazing means that, with the introduction of livestock, native species are negatively affected, 
which favors the establishment of alien species (Milchunas and Lauenroth 1993; Holmgren et al. 2000; Adler et al. 2004; 
Díaz et al. 2007).
The flora of Central Chile is a good expression of the country’s as a whole with regard to percentages of 
the most represented families, life cycle and origin of non-native species. This central zone, representing only 
20% of Chile’s territory, contains 80% of all the country’s exotic plants. This high concentration of naturalized 
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plants (Matthei 1995) can be accounted for by a conjunction of factors relating to history, environment and 
land uses. Chile was conquered by land from the north through the Atacama Desert into the central zone. To 
the south of the Bío-Bío river, the territory was not colonized until just over a century ago (Aronson et al. 1998). 
Given the arid and semiarid conditions of the North, only the central zone, with its Mediterranean climate, 
was suitable for agriculture and for 350 years, the species introduced were therefore relegated to this region 
(Fuentes et al. 2008). It was only as from the XX century that non-native species were introduced into the whole 
country, with mass and intense deforestation of the austral temperate forest (Donoso and Lara 1996). In short, 
it is the central zone that has undergone the biggest change as a result of intensive agriculture for over five 
centuries (Montenegro et al. 1991, Matthei 1995). Moreover, it is the most densely populated region (78% of the 
country’s population, with an average of 75 inhabitants/km2; Pauchard et al. 2006; INE 2007) and with the densest 
roads network (Arroyo et al. 2000).
The representation of the non-native flora tends to be greater at more detailed spatial scales (Gaertner et 
al. 2009), a fact that can be seen in the espinales studied. On one hand, the percentage of non-native species 
therein is much higher than the 13% for the whole country or the 18% for the central zone, reaching 49%. This 
value is higher than the 36.8% reported by Figueroa et al. (2011) for espinales and very similar to that reported 
by Montenegro et al. (1991). At family level, the percentages of Caryophyllaceae, Rosaceae, Geraniaceae and 
Rubiaceae double and even quadruple the values characteristic of the country or of the central zone. On the 
other hand, among non-native species, annual plants show an increase from 56% for the whole country to 
84%; exotic woody species were absents from our study. Finally, compared with the 68% of species of Eurasian 
or Mediterranean origin in Chile, the espinales account for 97%. In this context it is interesting to highlight 
the relationship between regions of origin and species’ biological cycle, with a positive association among 
annual plants for species from the Mediterranean Basin and among woody plants for those of Australian, 
African or American origin. This relationship is possibly associated with the way in which the species were 
introduced into the country and with the climatic characteristics of the recipient habitat: unintentionally 
in the case of most of the plants associated with agriculture and livestock farming (Mediterranean annual 
plants adapted to grazing; Holmgren 2002) or for ornamental or forestry purposes (woody plants generally of 
extra-European origin; Pyšek et al. 2011). The extreme values found in the espinales (compared with the rest 
of Chile) referring to distribution of families, biogeographic origin and life cycle are, however, of the same 
order of magnitude as those found in Spanish grasslands (although proportionally Rubiaceae, Rosaceae and 
Geraniaceae present higher percentages in Chilean espinales and Brassicaceae in Spanish grasslands). Given 
that Europe, and specifically the Mediterranean Basin, have constituted the main source of immigration since 
America was discovered (Di Castri 1991; Figueroa et al. 2004; Jiménez et al. 2008) the floristic similarity between both 
countries appears to indicate that the espinales represent a copy of Europe’s agricultural model, in which not 
only animal and plant species (livestock, cereals and associated weeds) were introduced from Europe, but also 
technology (plowing, harrowing, animal traction) and the culture associated with management of the system 
(fallow, rotation). The final result is an agroecosystem, the Chilean espinal, which not only presents great 
physiognomic and functional similarity with the Spanish dehesa (Ovalle and Avendaño 1987; Ovalle et al. 1990), but is 
also similar with regard to the floristic characteristics evaluated in this research. There are, however, differences 
between these two agroecosystems, particularly with regard to species richness (much higher in Spain). It is 
known that the number of alien species becoming established in a given country is lower than the amount 
that might potentially arrive (Malo and Suárez 1997) and the number of exotic species capable of reaching Chile is 
estimated at between 7,070 and 35,400 (Castro et al. 2005). An example is the Santiago Botanic Garden which, 
in the middle of the XIX century, cultivated over 2000 exotic species, 43 of which became naturalized (Matthei 
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1995; Castro et al. 2005). These data place in doubt whether the flora of the espinales constitutes an impoverished 
version of Spanish grasslands because specific filters existed that limited the number of species arriving or, 
on the contrary, whether there is a predominance of the biotic and abiotic filters acting in the assemblage of 
communities in the espinales. 
The entry of alien species and the extinction of native ones in a region have been considered a process of 
global biological homogenization (McKinney and Lockwood 2001; Olden 2006; Olden and Rooney 2006; Winter et al. 2009). 
Castro and Jaksic (2008) conclude that this homogenization process is not yet significant in Chile, given that 
from colonization times up to the present, only two species have become extinct (Plazia cheiranthifolia (Remy) 
Wedd. and Menodora linoides Phil.) and that the floristic similarity among regions has not significantly changed. 
Our data, however, and those provided by Jiménez et al. (2008) and Figueroa et al. (2011), would seem to 
suggest that at least the espinales are being subjected to an intense homogenization process, as can be seen 
in the dominance of certain species (and families) common to Spanish grasslands on the list of most frequent 
species in the espinales. The most frequent species is Leontodon taraxacoides (Vill.) Mérat, first recorded in 
Chile in 1963 (Castro et al. 2005), which contradicts the hypothesis that the exotic species appearing subsequent 
to 1950 present a narrower range within the country (Arroyo et al. 2000; Pauchard et al. 2004; Castro et al. 2005). This 
would appear to indicate that this homogenization process has become accentuated in the last few decades.
At present the speed of change of many ecological, economic and social parameters is reaching heretofore 
unknown rates, and the predictions are even more drastic in reference to changes in land uses at global scale 
(Lugo and González 2010; USDA 2006). In this context of global change, there is a pressing need to understand 
these processes of species colonization and naturalization. The exchange of species, successful establishment 
of some of them or extinction of others undoubtedly contributes to the appearance of new environmental 
scenarios, with socioeconomic repercussions that are difficult to evaluate in the short term (Rockstrom et al. 2009). 
Identifying changes in ecosystem structure and functioning in the short, medium and long term constitutes a 
fundamental objective with regard to evaluating the “health” of ecosystems, as is stated in the objectives of the 
Millennium Ecosystem Assessment Programme (MA 2003; Carpenter et al. 2009).


33
Adapted from: Casado MA, Acosta-Gallo B, Sánchez-Jardón L, Martín-Forés I, Castro I, Ovalle C, del Pozo A, de Miguel JM. 2015. 
Interactive effects of source and recipient habitats on plant invasions: distribution of exotic species in Chile. Diversity and Distributions 
21:609-619
Where do we come from and 
where are we going: source and 
recipient areasChapter 2 
“A people without the knowledge of their past history, origin and culture is like a tree without roots”
Edward Morgan Forster
“All things must come to the soul from its roots, from where it is planted”
Santa Teresa de Avila
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
34
Chapter 2  Where do we come from and where are we  
 going: source and recipient areas
Transcontinental naturalization of herbaceous species in Spanish 
and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas 
en pastizales mediterráneos españoles y chilenos
INTRODUCTION
The introduction of exotic species is considered one of the biggest threats to biodiversity at global scale 
(Vitousek et al. 1996). In the last twenty years, great efforts have been made to understand the main drivers of 
invasion success in a wide range of ecosystems (e.g. Richardson and Pyšek 2012). Different authors have highlighted 
the preponderant effects of environmental control (e.g. the climate filtering hypothesis; Weiher and Keddy 1999), 
habitat characteristics (e.g. the fluctuating resource availability theory; Davis et al. 2000) or anthropogenic 
disturbances (e.g. the propagule pressure hypothesis; Lockwood et al. 2005) upon the invasibility of a community 
or an ecosystem. The lack of agreement regarding what factor is most relevant appears to indicate that 
invasibility results from the joint action of multiple biotic and abiotic factors, along with human activity (Chytrý 
et al. 2009) and their importance is site- and/or scale-dependent (Lloret et al. 2005; Funk and Vitousek 2007; González-
Moreno et al. 2014).
Analyses  of the success of exotic species usually take into account the characteristics of the recipient areas, 
but less attention has been paid to their performance in their regions of origin (Hierro et al. 2005). Nonetheless, the 
success of European plants in colonizing non-European regions has been related to their original environment 
(Prinzing et al. 2002), the cultural and climatic proximity of the source and recipient areas (Lambdon et al. 2008) 
and pre-adaptations of the introduced species (Pyšek and Richardson 2007; Dostál et al. 2013). Despite this, little is 
known about the habitat characteristics of the donor communities that act as a source of exotic species in 
the newly invaded region (Hejda et al. 2009). Kalusová et al. (2013) recently pointed out that European species 
introduced to North America tend to invade habitats similar to the ones they occupy in their places of origin. 
This study, however, does not include semi-natural or man-made habitats, which, as the authors recognize, 
usually contain higher numbers of invasive species than natural habitats. 
The level of invasion of species in the ecosystems of the Mediterranean Basin is lower than those recorded 
in other Mediterranean regions worldwide (Greuter 1994). This difference has been associated with the long 
history of human presence and of prehistoric invasions in the Mediterranean Basin, which have undoubtedly 
contributed to the relevant role its ecosystems play as species donors during the transport of organisms from 
Europe to America, during the colonialism (di Castri 1989). Chile’s flora currently comprises a mixture of native 
and exotic species; 743 non-native plants (14% of its flora), predominantly herbs (Fuentes et al. 2013) of European 
origin and fundamentally from the Iberian Peninsula (Groves 1986), have been quantified. The process of plant 
naturalization of European species in Chile started in the colonialism period (XVI century), when the Spanish 
introduced many exotic species associated with cereal crops and activities related to livestock farming (Martín-
Forés et al. 2012). This process was especially noteworthy in the Mediterranean climate region of central Chile, 
which, despite occupying only 20% of the territory, contains 80% of all the country’s exotic plants (Martín-Forés 
et al. 2012). 
In the present study we analyzed the association of Chile’s non-native herbaceous flora with the habitat 
characteristics of these species on the Iberian Peninsula (Spain and Portugal). As a consequence of the 
environmental and historical-cultural similarities, both regions share different biomes and habitats, as well 
as numerous species. Moreover, the broad latitudinal range occupied by Chile enables analysis of the relative 
success of exotic species in relation to their distribution throughout different climatic environments. All this 
provides an excellent scenario for comparing and analyzing the process of colonization from the source area 
to the recipient area at different scales and in different climatic environments.In this chapter we attemptedto 
determine i) whether the distribution of exotic species is conditioned by the climatic characteristics of the 
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recipient area (Chile); and ii) whether their success can be predicted by means of the habitat characteristics of 
the donor communities in the source area (Iberian Peninsula). For this purpose we analyzed a wide range of 
relevés from the Iberian Peninsula, classifying them according to their habitat characteristics (bioclimate, soil 
nutrient status and type of community associated with human activities). 
MATERIAL AND METhODS
Study area
Continental Chile presents an area of 748,012 km2, with a length of 4,270 km from parallel 17°30’ S to 
parallel 56°32’ S. Chile’s latitudinal range, its relief and oceanic influence are the main factors explaining its 
climatic variability. The north presents a desert climate, with little precipitation and an average temperature 
of around 20 °C. From the Aconcagua valley (Valparaíso region, ~33° S), to Concepción (Bío-Bío region, 
~36° S), the climate is Mediterranean, varying from semiarid to subhumid (ranging from 150 to 1200 mm of 
annual precipitation). Rainfall increases in the southern zone, which exhibits a rainy maritime climate from 
Temuco (Araucanía region, ~38° S), to the coast of Aysén (Aysén region, ~45° S). In the Austral zone, there 
is a cold, typical steppe climate, characterized by a broad thermal range, low winter temperatures, and a 
decrease in precipitation. Besides this latitudinal variation, the existence of the Andes gives rise to an altitudinal 
temperature gradient that decreases from west to east.
The Iberian Peninsula comprises three countries: Portugal, Spain and Andorra. It has an area of 583,254 
km2, from parallel 43°48’N, at Estaca de Bares point, to 36°0’N in Tarifa. The climate also varies greatly across 
the whole territory as a response to latitudinal changes, the mountainous relief and the distance to the ocean. 
The Mediterranean climate predominates throughout the peninsula, with oceanic or continental variants. Arid 
or semiarid climates, with less than 300 mm of annual precipitation, exist in some enclaves of the peninsular 
southeast. The Cantabrian range acts as a transition to the temperate climates in the peninsular north, 
characterized by cool temperatures and abundant precipitation (above 2000 mm yearly) throughout the year.
Data from Chile
A database was created which included all exotic plant species present in continental Chile. We used the 
Catalogue of Chilean flora by Marticorena and Quezada (1985) and information available from the Laboratory 
of Biological Invasions of the University of Concepción (Fuentes et al. 2013; http://www.lib.udec.cl/database.html) as 
basic data. Only herbaceous species (including climbing plants) were considered in the study, because the 
success of the naturalization process can be influenced by life form (Tecco et al., 2010), and most (around 90%) 
exotic species have this life form (Fuentes et al. 2013). Moreover, unlike woody species, their introduction is not 
usually intentional (Pyšek et al. 2011). We assigned a region of origin and current distribution within Chile to each 
exotic species. Different regional floras were employed to assign region of origin: Flora Iberica (Castroviejo et al. 
1986-2013), Flora Europaea (Tutin et al. 1964-80) and Flora del Cono Sur (Zuloaga et al. 2008). As regions of origin, the 
three large continents were considered: Eurasia, Africa and America (Australasia was not considered because it 
only included 4 species: Atriplex semibaccata, Atriplex suberecta, Cotula australis and Tetragonia tetragonoides). 
Apart from these large geographical regions, the Mediterranean Basin (SE, S and SW Europe, N Africa and SW 
Asia) was considered independently, given its importance as a source of exotic species to Chile (Castro et al. 2005). 
A fifth category grouping species of broad distribution (Holarctic, cosmopolitan or sub-cosmopolitan species) 
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was also included. As for distribution in Chile, each exotic species was assigned to the Chilean administrative 
regions in which it is currently found. We used the thirteen administrative regions valid until 2007, because the 
available data are associated with this prior administrative division. These data, together with the minimum 
time of residence in Chile of the exotic species, were obtained mainly from Castro et al. (2005), Zuloaga et al. 
(2008) y Fuentes et al. (2013).
Data from the Iberian Peninsula
Data from 12,573 relevés were obtained by means of extensive bibliographic revision and from the SIVIM 
(Iberian and Macaronesian Vegetation Information System; http://www.sivim.info/sivi/). Although the phytosociological 
relevés present sampling bias related to their distribution and area covered (Chiarucci 2007), they constitute a 
useful source of data for exhaustive characterization of vast territories (Janzen et al. 2011). Only relevés performed 
in communities dominated by herbaceous plants were considered (Fig. 11). We excluded relevés from high 
mountain areas or the ones associated with unusual substrates (dunes, halophiles). The area of the relevés was 
variable (mode 10 m2, range 0.1 - 600 m2), which is frequent in European phytosociological studies (Chytrý and 
Otypková 2003). We only considered herbaceous species (including climbing plants). Species synonymies were 
standardized and the database was simplified to species taxonomic level; subspecies, groups of species and 
hybrids were excluded. Species origin (native or introduced to the Iberian Peninsula) was assigned to each 
species according to Castroviejo et al. (1986-2013) and Tutin et al. (1964-80). 
Fig. 11 Map of the Iberian Peninsula showing the distribution of the 11,702 relevés used in this study
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Relevés as phytosociological units consider combinations of plant species (communities) coexisting in 
similar habitats and under similar biogeographical and successional conditions. We characterized each relevé 
considering three habitat characteristics: bioclimate, soil nutrient status, and type of community. The bioclimate 
categories were Mediterranean, temperate or both, depending on whether the community was associated with 
one of each bioclimate or it was present in both types. Soil nutrient status (with two categories: high and 
low, corresponding to nitrophilous or non-nitrophilous communities, respectively, sensu Rivas Martínez et al. 2002) 
represents the community’s capacity to grow in soils with high or low nutrient availability, respectively. Finally, 
as type of community we differentiated four categories based on their association with human activities: 
ruderal (communities usually associated with disturbed sites, such as roadside verges or urban areas, and 
usually comprising nutrient-demanding species), weed (wild plant communities associated with arable lands), 
grassland (communities associated with livestock activities) and woodland fringe (shade-loving herbaceous 
communities associated with forest and shrub edges). We assigned the categories to each relevé taking into 
account the characterizations of the phytosociological class or its lower-level orders, alliances or associations 
(Rivas-Martínez et al. 2002). 
Data analyses 
In a first step we used the Chilean database with all herbaceous exotic species, regardless of their region 
of origin. In order to classify Chile into internally homogeneous regions with regard to the distribution of its 
exotic species, we performed a cluster analysis of the matrix of administrative regions x exotic species presence. 
In the analysis we used Yule’s coefficient as a similarity index and the centroid as classification algorithm. We 
subsequently assigned a geographic sector (the set of administrative regions in Chile included in a given group 
in the cluster analysis) to each species when its current distribution was restricted to this sector; the species 
present in more than one geographic sector were grouped as species with a broad distribution in Chile. We 
analyzed the association between geographic sectors detected by cluster analysis and the region of origin 
of species (Chi-square test on contingency tables and post-hoc z-test) and the minimum time of residence 
(Kruskal-Wallis test).
In the second step, we selected the subset of exotic species native to the Iberian Peninsula from the Chilean 
database - species naturalized both to Chile and to the Iberian Peninsula were omitted. For each relevé we 
calculated the number of species in common with Chile considering each geographic sector separately. Species 
richness in the relevés was highly variable (average = 15.5, range from 1 to 69), partly because of the different 
areas considered in the relevés (the log-log area-species richness relationship was highly significant but with 
little explanatory power: r = 0.230, p <0.0001, R2 = 5.3%). To minimize the influence of the species richness 
of the relevé, we transformed the number of common species into a percentage over the total of the relevé’s 
species richness (Chytrý et al. 2008; Kalusová et al. 2013). A total of 871 (7%) relevés with less than 6 species (10th 
percentile) was excluded from the analysis to avoid discretization of the percentage value obtained, and 
therefore, 11,702 relevés were finally used. 
We used the percentage of species in common with Chile as the response variable in all subsequent 
models. This variable did not exhibit normal nor homoscedastic distribution in Chile’s geographic sectors, 
even after transformation, and we therefore employed non-parametric analyses . We performed analyses  for 
each geographic sector separately. We applied the Kruskal-Wallis test to analyze the relationship between the 
percentage of common species and the three habitat characteristics of the relevés (predictors: bioclimate, soil 
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nutrient status and type of community). We employed regression trees to analyze the existence of interactions 
among these predictors in order to explain the percentage of species in common (response variable). Regression 
trees involve a non-parametric technique that is well suited for analyzing complex ecological data and non-
additive effects and which enables the importance of the variables considered to be hierarchized. Data is split 
into increasingly homogenous groups based on the predictor variable at each split that explains the greatest 
deviance of the dataset. There are no assumptions regarding data distribution, and the trees are not influenced 
by missing data, outliers, or monotonic transformations of the predictor variables. This analysis can detect non-
linear relationships, explain complex interactions, and is robust in relation to outliers and missing data (De’ath 
and Fabricius 2000). We performed regression trees with SPSS 19 and used CRT as the growing method, cross 
validation, a minimum number of cases in each subsidiary node of 150, as well as a minimum improvement 
value of 0.01.
RESULTS
We considered 645 herbaceous exotic species in Chile. Of these, 478 (74%) were also found in the relevés of 
the Iberian Peninsula, 73 of which were exotic to both regions. Classification of Chile’s administrative regions 
according to the presence of exotic species provided four large groups or geographic sectors (Fig. 12). The 
distribution of these sectors fitted well to the latitudinal climatic variation: sector S1 (from the Arica to the 
Coquimbo regions, presenting an arid tropical or semiarid Mediterranean climate), S2 (from the Valparaíso to 
the Maule regions, displaying a humid or subhumid Mediterranean climate), S3 (from the Bío-Bío to the Lagos 
regions, which presents a temperate climate) and S4 (Aysén and Magallanes regions, with a cold temperate or 
anti-boreal climate). Given the altitudinal climatic influence of the Andes, we assigned climate to each sector 
taking into account only areas at low and medium altitude, which are the ones with the highest number of 
exotic species (Alexander et al. 2011). We considered a fifth group, S5, for species present in at least two of 
the groups in the cluster. This group of broadly distributed species was the one presenting the highest number 
of exotic species (47%), followed by groups S2 and S3 (Table 2). Most species in group S5 were present in 
four (31% of species) or three (55%) geographic sectors. Considering all exotic species (those exclusive to 
each sector plus the widely distributed ones) the highest concentration occurred in groups S2 (419 species) 
and S3 (401 species). The species included in each of the five geographic sectors differed in the time since 
they were first recorded in Chile (Kruskal-Wallis 87.463, p<0.0001), although the post-hoc comparisons only 
differentiated the broadly distributed group (S5, mean residence time of 129 ± 2.8 years) from the other 
four (mean residence time from 71 to 84 years). Likewise, we detected a significant association (Table 2) 
between the geographic sectors and the regions of origin of the exotic species in the sector, except for the one 
corresponding to the temperate climate (S3) in which the exotic species are from different regions of origin. 
The species from America and Africa were positively and significantly associated with the sector presenting 
an arid tropical or semiarid Mediterranean climate (S1). The sector displaying a Mediterranean climate (S2) 
was characterized by a predominance of species from the Mediterranean Basin and, to a lesser degree, from 
Africa. The sector exhibiting a cold temperate climate (S4) basically presented species with a broad distribution 
and Eurasian ones, the latter being dominant also in the sector including the species with a broad distribution 
throughout Chile (S5).
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Fig. 12 Cluster analysis of Chile’s administrative regions 
(Roman numerals) based on the presence of exotic species. 
The colors on the map represent the macro-bioclimates 
(according to Luebert & Pliscoff 2006, modified). S1 to 
S4 represent the geographic sectors (groups of the cluster 
analysis) identified in this study. The sector including the 
broadly distributed species (S5, species present in at least 
two of the groups of the cluster) is not represented. The 
regions correspond to I: Arica and Parinacota/Tarapacá; 
II: Antofagasta; III: Atacama; IV: Coquimbo; V: Valparaíso; 
M: Metropolitana; VI: O’Higgins; VII: Maule; VIII: Bío-Bío; 
IX: Araucanía; X: Los Lagos/Los Ríos; XI: Aysén; and XII: 
Magallanes
Table 2. Number of exotic herbaceous species (percentage in brackets) in Chile according to the geographic sector (S1 to 
S5, see Fig. 12) in which they are found. For each geographic sector, the area and the percentage of species according to 
region of origin is indicated. Different letters between the regions of origin indicate significantly different values (z-test, 
p>0.05), whereas the positive associations (corrected residual >1) between region of origin and geographic sector are 
highlighted in bold. NA: not applicable.
Sector Area (km2) Species Region of origin
America Africa Mediterranean Eurasia Wide
S1 300,904 60 (9.3) 46.9b 6.9ab 20.7cd 10.3d 15.5ac
S2 78,482 125 (19.4) 18.5abc 4.8ab 40.3a 27.4bc 8.9c
S3 135,924 109 (16.9) 18.2a 3.7a 34.9a 35.8a 12.8a
S4 240,792 47 (7.3) 2.1b 0.0b 31.9a 42.6a 23.4a
S5 NA 304 (47.1) 13.9b 1.7b 31.7ab 38.3a 14.5ab
Total 756,102 645 (100)
When the relevés were classified according to their habitat characteristics, the percentage of species in 
common with Chile varied with the geographic sector (Fig. 13). Considering soil nutrient status, in S1, S2 
and S3 a higher percentage of the species comes from communities associated with high soil nutrient status 
habitats, whereas in S4 the species were predominantly from soils of low nutrient availability (Fig. 13a). These 
changes were also observed in the percentage of species associated with communities from Mediterranean 
bioclimate (higher in S1 and S2) to those from both climates (S3) or with species from a temperate one (S4; Fig. 
13b), as well as in the percentage of species from ruderal and weed communities (higher in S1 and S2) to those 
from woodland fringe (higher in S3 and S4; Fig. 13c). In sector S5 the highest number of species in common 
comes from ruderal communities characterized by high soil nutrient status in temperate climates or indifferent 
to climate conditions.
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Fig. 13 Average percentage values for species in common with Chile for the relevés from the Iberian Peninsula 
classified according to their a) soil nutrient status (high/low), b) bioclimate (Mediterranean/temperate/present in both 
climates) and c) type of community (ruderal/weed/grassland/woodland fringe). Med. indicates Mediterranean climate, 
and Grass. indicates grasslands communities. The letters mean significant differences (Kruskal-Wallis, p<0.05) among 
the categories of each variable. The analyses  were performed for each geographic sector (from S1 to S4, see Fig. 12), and 
for the broadly distributed species (S5)
The regression trees enabled us to hierarchize the relevance of each variable of the donor habitat in each of 
the five geographic sectors identified and to detect the combination of variables that determined the highest 
percentage of species in common (Fig. 14). In all the sectors, type of community constituted an important 
variable, determining the first split in three of the geographic sectors and the second split in one sector. 
Bioclimate determined the first split in S3 and the second split in the four remaining sectors. Finally, nutrient 
status was the least important variable but established the first split in S5. The combination of variables 
determining the highest percentage of species in common with Chile always included the type of community, 
but with different climate conditions for each geographic sector. Thus, in the more arid sector and the one 
presenting a Mediterranean climate (S1 and S2), the communities that acted as the main donors were ruderal 
or weed ones from Mediterranean climates in their regions of origin. On the contrary, in the sectors with 
temperate (S3) or especially anti-boreal climates (S4), woodland fringe communities from temperate climates 
played a more significant role. As regards the group comprising the broadly distributed species (S5), the relevés 
presenting the highest percentage of species in common came from ruderal, weed and grassland communities 
with a high soil nutrient status from temperate climates.
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Fig. 14 Regression trees for percentage of exotic species in Chile in the relevés classified according to, bioclimate 
(Mediterranean/temperate/present in both climates), nutrient status (high/low) and type of community (ruderal/
weed/grassland/ woodland fringe) on the Iberian Peninsula. Each geographic sector of Chile (S1 to S5, see Fig. 12) was 
considered separately. Values above the upper node and under each final node are average percentage values of common 
species in Chile for cases within that group, while values in brackets represent the number of cases for that group
42
Chapter 2  Where do we come from and where are we  
 going: source and recipient areas
Transcontinental naturalization of herbaceous species in Spanish 
and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas 
en pastizales mediterráneos españoles y chilenos
DISCUSSION
Chile shares almost three quarters of its herbaceous exotic flora with the species recorded in the set of 
selected relevés from the Iberian Peninsula. Even at community level, 18% of the relevés present over 75% of 
species in common with the Chilean non-native flora. This floristic similarity highlights the role the Iberian 
communities play as donors, and represents an ideal scenario for analyzing the interactive effects of both 
source and recipient areas in the naturalization process. The spatial scale used in each country differed greatly 
(community scale for Spain and regional scale in Chile) which prevents characterization of both datasets 
with the same accuracy. However, combined study of the distribution of exotic species in Chile and of the 
characteristics of the Iberian communities acting as donors provides an understanding of some of the drivers 
that have determined the successful establishment of some of these species in Chile. 
Importance of climate in the recipient area
Our results indicate that the climate of the recipient area plays a crucial role in the current distribution 
of Chile’s exotic species. It should be pointed out that half of these species are restricted to only one climatic 
region in Chile. The distribution of these species among the different regions is not homogeneous; they are less 
abundant at both ends of the climatic gradient: the arid tropical climate in the north and the cold temperate 
climate in the south. This “resistance” to naturalization in extreme climatic conditions is widely recognized 
(Alpert et al. 2000; Davis et al. 2000; Chytry et al. 2008b, 2009) and is responsible for the latitudinal (Sax 2001; Bannister et al. 
2012) and altitudinal (Pauchard et al. 2009; Haider et al. 2010; Alexander et al. 2011) gradients of decrease of exotic species. 
Central Chile, despite its small area, concentrates most of the country’s exotic species (Arroyo et al. 2000; 
Castro et al. 2005; Fuentes et al. 2013). In our study this area (corresponding mainly to geographic sector S2) not only 
includes 65% of Chile’s exotic herbaceous species but also exclusively contains almost one third of them. It 
exhibits a Mediterranean or temperate climate, and it is also the region in which the Spanish historically settled 
and developed European agriculture (Martín-Forés et al. 2012), and has become the most highly populated region 
with the largest area of grasslands and arable land (Arroyo et al. 2005). The co-variation between climatic factors 
and anthropic pressure makes it difficult to establish whether this high richness of exotic species is a direct 
consequence of a more benign climate or whether this relationship derives from, or has been potentiated by, 
the existence of more anthropized habitats (Chytrý et al. 2008; Lambdon et al. 2008; Pyšek et al. 2010). 
The other half of the exotic species is included in the widely-distributed group. These are generalist species 
capable of growing in a broad range of climates and which display greater phenotypic plasticity (Richards et 
al. 2006; Davidson et al. 2011); they are therefore better endowed to spread and to colonize different types of 
habitats and even to become invasive (Parker et al. 2003). Interestingly, they correspond to the species presenting 
a longer time of residence, which have therefore availed of more time to overcome the lag phase (Caley et al. 
2008), and to disperse and colonize new territories. Residence time can be considered as a proxy for propagule 
pressure (Richardson and Pyšek 2012) and it is well documented that species with longer residence times are more 
widespread (e.g. Castro et al. 2005; Wilson et al. 2007).
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Influence of the source area on exotic species distribution
Climate in the recipient region constitutes an effective filter for the distribution of exotic species in Chile. 
There are, however, other factors related to the source areas that equally condition the success of these species 
in becoming established. Our results enable us to evaluate the influence of these factors at two scales: a broad 
geographic one, associated with the regions of origin of the exotic species, and a more detailed one, relating to 
the donor communities of these species on the Iberian Peninsula. 
At broad geographic scale there is a significant association between the geographic (i.e. climatic) sectors 
identified in Chile and the regions of origin of the species therein. In Chile’s hot and arid north, there is a 
predominance of species of African or American origin, fundamentally presenting a tropical or subtropical 
distribution. The central region, with a Mediterranean climate, is mainly occupied by species from the 
Mediterranean Basin. Southern Chile, with its cold humid climate is especially occupied by Eurasian species 
from mid- or high latitudes. The climatic similarity between source and recipient areas indicates that species’ 
climatic tolerance is essential with regard to accounting for successful establishment in a new region (Haider 
et al. 2010). According to our results, climate acts as the principal predictor of potentiality of species invasion 
(Kolar and Lodge 2001; Dawson et al. 2009; González-Moreno et al. 2014). This pre-adaptation of introduced species to the 
environmental conditions of a new region has been highlighted by numerous authors (e.g. Pyšek and Richardson 
2007; Richardson and Pyšek 2012).
At finer scale, our results demonstrate the different degree of importance of communities on the Iberian 
Peninsula as donors of species to the different geographic regions of Chile. Habitat characteristics, such 
as those related to climate, soil nutrient status and human activities appear to affect the potentiality of a 
community to act as a donor of exotic species. The relative importance of these factors, however, ultimately 
depends upon the climate of the recipient region. At this small scale, one can also observe an unequivocal 
correspondence between the climatic characteristics of source and recipient areas: Chile’s arid regions, or 
those presenting a Mediterranean climate, have more species in common with Iberian communities associated 
with a Mediterranean climate, whereas the regions with a temperate or anti-boreal climate have more species 
in common with communities indifferent to climate or temperate ones. The type of human activities, however, 
is seen to constitute the main factor responsible for the success of exotic species across different climatic 
conditions in Chile. Along the Chilean climatic gradient there is a significant change in the main Iberian donor 
communities, from ruderal or weedy ones to those associated with woodland fringes. This gradient is in 
correspondence with the distribution of the main land uses throughout the country, from arable land and 
industrial or urban areas in the north and center of Chile to forestry landscapes in the south. These results 
highlight the importance of the characteristics of communities in the source areas acting as donors but also the 
relevance of human pressure as a driver of exotic distribution in the recipient area (Marini et al. 2012). High levels 
of invasion have been observed in human-made habitats, such as ruderal vegetation and arable land (Lambdon 
et al. 2008), which are related to the creation of disturbed areas as well as to the increase in propagule pressure 
(Chytrý et al. 2008). 
Only in the group of widely distributed species the type of land use has less importance, assuming soil 
nutrient status a more prominent role. The more successful (in terms of spatial distributions) exotic species in 
Chile are the ones adapted to high soil nutrient concentrations, whether by natural or anthropic means. Many 
authors have highlighted the fact that the more productive or altered habitats are more prone to invasion 
(Chytrý et al. 2008; Pyšek et al. 2009; Jansen et al. 2011; González-Moreno et al. 2014) and have a greater potential to export 
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species to other regions (Dostál et al. 2013; Kalusová et al. 2013, 2014). Successful naturalization in highly productive 
habitats has been associated with the existence of certain functional traits (e.g. rapid growth, large specific 
leaf area, high seed production; Wright et al. 2004) that make species more competitive in rich soils and generally 
subjected to disturbance (Grime 1979; Dostál et al. 2013). This approach is consistent with the fluctuating resource 
availability theory (Davis et al. 2000), which suggests that changes in availability of resources constitute a key 
process when determining the invasibility of a territory (Shea and Chesson 2002; Chytrý et al. 2008).
In summary, the results obtained enable us to interpret the distribution of exotic species in Chile as a 
process in which the habitat characteristics of the recipient area (climate, human activities, propagule pressure, 
disturbance) are complemented by the existence of pre-adapted species from the source area. Numerous 
studies have attempted to determine whether the factors that best determine the level of invasion are climatic 
ones (Weiher and Keddy 1999; Gaston et al. 2003; Wiens and Graham 2005; Kueffer et al. 2010; Thuiller et al. 2005) or factors 
related to the characteristics of the habitat (Hejda et al. 2009; Jansen et al. 2011; Marini et al. 2013; Dostál et al. 2013; 
Kalusová et al. 2013). Our results indicate that both factors come into play, acting jointly and in a hierarchical 
manner at different scales. Climate determines the possibilities of establishment at broad scale level, and it is 
time of residence that explains the expansion of exotic species’ distribution area. Within each climatic region, 
the communities acting as the principal donors of species are associated with the habitat characteristics of the 
source area (particularly human activities). This hierarchy in the effects of environmental factors points to the 
fact that invasion is context- and scale-dependent (Lloret et al. 2005; Guo et al. 2006; Pyšek and Richardson 2007) and 
that the differential importance of one factor or another can only be detected if we study territories showing a 
wide range of environmental heterogeneity (as is the case of Chile) and at different spatial scales (see for example 
Pyšek et al. 2009).
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“One who gains strength by overcoming obstacles possesses the only strength which can overcome adversity”
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Herbie Hancock
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
48
Chapter 3 Environmental filtering
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean 
grasslands
Naturalización transcontinental de especies herbáceas en pastizales 
mediterráneos españoles y chilenos
INTRODUCTION
The coexistence of species with different biogeographic origins has been recognized as one of the most 
interesting special cases of ecological community assembly processes. Understanding how environmental 
heterogeneity influences plant diversity is of great importance to basic and applied ecologists (Sutherland et al. 
2013) and contributes to improved biological invasion control (Richardson and Pyšek 2006). The number and type 
of exotic species within a region given introduction history is the result of the combined effects of biotic and 
abiotic factors (see Seipel et al. 2012 for examples) in both, inside and outside their region of origin, that filter species 
arrival and dispersal. Plant traits determine the potential for establishment of a species outside its region of 
origin (Hejda et al. 2009) and the existence of extra-range dispersal mechanisms (transcontinental, transoceanic or 
long-distance dispersal) that are usually selective (principally favoring species associated with human activities, 
like ruderal species or those associated with crops) in allowing species to reach new areas (Wilson et al. 2009). 
Once in the recipient area, other factors act during the phases of dispersal, establishment and persistence of 
the species (Lilley and Vellend 2009). 
A wide range of non-exclusive hypotheses have been proposed to explain the naturalization success of 
exotic species in a given region (see for example Pyšek and Richardson 2007). Catford et al. (2009) summarize these 
hypotheses in three big groups: those related to propagule pressure, those associated with physical conditions 
of recipient community and finally, those which consider biotic relationships. Propagule pressure (Lonsdale, 
1999) considers size and frequency of introductions; therefore it heeds multiscale processes that can act from 
regional to transcontinental scales. Among those considering abiotic filters conditions as key factors in the 
naturalization process, resource availability is of special importance (e.g. Davis et al. 2000; Melbourne et al. 2007). 
Resource supply reduces competitive pressure, making communities more susceptible to invasion when 
an increase in unused resources occurs. Alternatively, the naturalization process may be explained by the 
diversity-resistance hypothesis (Elton 1958; Kennedy et al. 2002), which contends that highly diverse communities 
are more resistant to invasion, and therefore biotic filters (interaction between native community and exotic 
species) are determining factors in this process. According to Gilbert and Lechowicz (2005), unsaturated plant 
communities, or those that have their species richness limited by the regional pool of species available, can be 
more susceptible to invasion by exotic plant species (Tilman 1997; Moore et al. 2001). However, current knowledge 
about abiotic and biotic filters in the naturalization process is mainly focused on the recipient area (Guo 2006) 
which does not allow a precise explanation of different colonization rates by exotic species. 
In Mediterranean-climate regions, changes in land use have had a great impact on landscapes and plant 
diversity (Rundel 1998). In the Mediterranean Basin, anthropogenic modification of the landscape due to grazing, 
cropping and forest harvesting has been occurring for thousands of years, resulting in plant communities that 
have co-evolved with human practices (Di Castri 1981; Perevolotsky and Seligman 1998) like, for example, the Spanish 
agro-sylvopastoral system called dehesa (Joffre et al. 1999). Conversely, other Mediterranean areas with much 
shorter histories of intensive human intervention, like Chilean espinal (an anthropogenic savannah mainly 
formed by Acacia caven or espino), have undergone a rapid change in land use, threatening their biodiversity 
(Underwood et al. 2009), and also favoring the invasion by exotic species (Arroyo et al. 2000). 
The Chilean espinal and Spanish dehesa are distributed along a wide range of Mediterranean-type climates. 
The espinal represents a reproduction of the dehesa in terms of physiognomy, livestock, management 
technology and associated culture (Martín-Forés et al. 2012). These ecosystems have great similarities in the 
structure (a continuous herbaceous layer with scattered trees) although they differ in the species composition, 
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especially concerning woody vegetation. The dehesa represents the source and the espinal the recipient area 
for most of the Chilean exotic species, and therefore constitute an excellent scenario to study the process of 
colonization and naturalization of exotic species (Pauchard et al. 2004; Jiménez et al. 2008). 
The aim of this study is to investigate the role of abiotic and biotic factors on the process of establishment 
and naturalization of exotic species in Central Chile. Our hypothesis is that abiotic (climate and soil) conditions 
are key factors acting as filters in both the source (by selecting those species with the highest potential to 
colonize other areas) and the recipient areas (by determining their success at establishing and spreading). We 
consider that such abiotic determinants may act differently on species, depending on their region of origin 
and evolutionary history (natives or exotics), and their capacity of establishment in Chile coming from the 
Mediterranean Basin. In addition, in the recipient area, success would be conditioned by the interactions with 
native Chilean species.
MATERIAL AND METhODS
Study area
The study was conducted in the Mediterranean regions of Central Chile and Spain. In Chile, the study was 
carried out in the espinal ecosystem, across an extensive area between 32°31’ to 37°00’ S and 70°46’ to 72°34’ 
W (~600 km long from North to South), with mean annual precipitation ranging between 300-1200 mm. In 
Spain, the study was conducted in the dehesa ecosystem located in the center-west of the Iberian Peninsula 
(Extremadura, N Andalusia and W Castilla-La Mancha), from 37°51’ to 40°14’ N and from 4°23’ to 7°02’ W, 
and with mean annual precipitation ranging between 400-1100 mm (Fig. 15). Soils in both regions are slightly 
acidic, derived from igneous or metamorphic rocks and the topography is hilly. In both countries, the land has 
been used for extensive livestock grazing, especially sheep and cattle.
Fig. 15 Map of the studied areas of Mediterranean grasslands in Spain and Chile, including sampling sites. Color tones 
represent rainfall variability in each country
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The dehesa contains scattered trees of holm oak (Quercus ilex subsp. ballota) or cork oak (Quercus suber) 
within a herbaceous layer comprising mainly winter annuals (Joffre et al. 1999; Gea-Izquierdo et al. 2010). Its origin 
dates back several centuries, when human intervention in woodlands transformed the landscape into a 
pseudosavannah (López et al. 2007). Dehesas are characterized by a very high plant species richness (Pineda and 
Montalvo 1995), and cover about 3.5 million ha in South Western Spain (MAPA 2008) and about 0.7 million ha in 
Portugal (Pereira et al. 2004). The vegetation is adapted to Mediterranean-type climate, characterized by scarce 
precipitation in summer (drought period from June to September in the Northern hemisphere). 
According to Figueroa et al. (2011), the Mediterranean zone of central Chile contains 2,395 native species 
and 507 exotics that represent 18% of the flora in this region. This proportion increases significantly in the 
espinal, where the percentage of exotic species is much greater (37% and 49% according to Figueroa et al. 
(2011) and Martín-Forés et al. (2012), respectively). This high proportion of exotic species in Chile can be 
explained by its history of land use and disturbance. The pre-Conquest vegetation of the actual espinal area was 
a dense mosaic of forests and shrublands, similar to sclerophyll-dominated woodlands in other Mediterranean 
regions around the world (Di Castri et al. 1981). The arrival of exotic species in the espinal has been closely 
associated with this transformation of the landscape after the European colonization in the 16th century 
(Aronson et al. 1998; Arroyo et al. 2000; Figueroa et al. 2004). The espinal presents various similarities to the Spanish 
dehesas. Its herbaceous layer is composed by annuals, both native and exotic species, mainly originating from 
the Mediterranean Basin (Ovalle et al. 1990; Ovalle et al. 2006; del Pozo et al. 2006). It comprises an area of about 2 
million ha in Central Chile along the eastern slopes of the Coastal mountain range (Ovalle et al. 1999). 
Data collection 
Vegetation surveys were conducted in the two Mediterranean regions in spring, at the peak flowering 
periods for most plant species (i.e. May and June in Spain, and October and November in Chile). Samplings 
were carried out during two consecutive growing seasons (2010 and 2011) to detect possible time variation 
in species abundance from one year to another, which is common in Mediterranean-type ecosystems (Peco et al. 
1983; Figueroa and Davy 1991). In each country, 15 sites were selected to cover the whole range of Mediterranean-
type climates of each region (Fig. 15). At each site, vegetation was evaluated in two 10 x 10 m plots located 
on hillside (north-faced and south-faced aspect in Chile and Spain, respectively) and flatland positions, so as 
to consider possible differences in plant species composition associated with differences in water availability 
between slope positions (Acosta et al. 2008). In each plot, six 50 x 50 cm quadrats were randomly distributed 
where the presence of all occurring species was assessed. Quadrats were always situated in open areas to avoid 
the influence of trees on species composition (Marañón et al. 2009; de Miguel et al. 2013). In the Chilean surveys, 
only two woody species were recorded: Baccharis linearis and samplings of A. caven, both natives. In the 
Spanish surveys, seven woody species were found: Calluna vulgaris, Cistus crispus, Cistus ladanifer, Halimium 
umbellatum, Lavandula pedunculata, Quercus ilex and Retama sphaerocarpa, none of them present in Chile. 
Thus, considering that naturalization success may depend on plant life form (Tecco et al. 2010) and that most of 
exotic species (around 90%) present herbaceous life form (Fuentes et al. 2013), in the subsequent analyses  only 
herbaceous species were considered.
Chilean species were classified as native or exotic according to Marticorena and Quezada (1985; 1987), 
and the information provided by the Laboratorio de Invasiones Biológicas de la Universidad de Concepción (LIB; 
http://www.lib.udec.cl/database.html). In the case of Spain, species were classified as ‘colonizer in Chile’ (hereafter 
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colonizers); those species that have become naturalized in any Chilean region and therefore are present in 
the LIB database and ‘exclusive of Spain’ (hereafter exclusives); those species that might or might not have 
arrived to Chile, but with certainty they did not establish and become naturalized, thus they are only present 
in Spain). This definition of exclusiveness refers only to the comparison with Chile. In fact, about 10% of these 
exclusive species were capable to colonize other Mediterranean areas (e.g. Aegilops triuncialis, Crassula tillaea 
or Herniaria hirsuta in California). Three species Isolepis cernua, Juncus bufonius and Montia fontana are native 
to both countries, therefore they were considered as natives in Chile and exclusives in Spain. Nomenclature 
of all species of European origin was standardized according to Castroviejo et al. (1986-2010), and in the 
case of families as yet unpublished in this source, to Tutin et al. (1964-80). For the Chilean native species, 
nomenclature was standardized according to Zuloaga et al. (2008). 
Climate and soil conditions (hereafter ‘abiotic factors’) were determined at each site. Climate variables 
considered were: 1) annual precipitation (PREC, mm), 2) mean annual temperature (TMED, ºC), 3) maximum 
temperature of the warmest month (TMAX, ºC), 4) minimum temperature of the coldest month (TMIN, ºC), 
5) temperature oscillation (TOSC), calculated as the difference between TMAX and TMIN and 6) number of 
months with drought period or water deficit (MWD), calculated as the number of months in which TMED 
is at least double than PREC (Baugnols and Gaussen 1953). For Spain, climate variables were obtained from the 
State Meteorological Agency (AEMET, http://www.aemet.es) and the Atlas Climático Digital de la Península Ibérica 
(Ninyerola et al. 2005). In Chile, climate data were obtained from WorldClim (Hijmans et al. 2005), at a resolution of 
30 arc-seconds. 
In each of the 60 plots (two countries x 15 sites x two geomorphological positions), five soil cores 5 cm in 
diameter and 12 cm in depth, excluding the aboveground biomass and litter, were sampled in 2010. The cores 
were pooled and homogenized, air-dried and sieved through a 2-mm mesh sieve before their analysis. Soil pH, 
organic matter (SOM, %), N, P, K, S and Al concentrations (ppm), C/N ratio and the percentage of sand, clay 
and silt were quantified using standard methods (Sadzawka et al. 2006). All soil samples were analyzed employing 
the same methodology at the Institute of Agricultural Science (Spanish National Research Council of Madrid). 
Any atypical values in soil variables that exceeded more than three times the interquartile range were replaced 
by the nearest value observed within the range of data of the same variable. This occurred in 1.5 % of the cases. 
Data analyses 
In order to obtain a reduced number of factors summarizing climate and soil variability, we conducted a 
Principal Component Analysis (PCA) for each group of variables. Prior to that, t-tests for mean comparison 
for each soil and climate variable were conducted in order to assess global differences between countries and 
to determine whether the PCA should include data from both Chile and Spain, or it should be calculated for 
each country separately. We preferred to use PCA components instead of the original variables because the 
components are orthogonal and avoid the high correlation between some variables (e.g. temperature and 
precipitation).
The influence of abiotic factors (climate and soil) on plant species richness was evaluated using generalized 
linear models with a Poisson error distribution. Models were fitted considering as response variable the richness 
of each species group in each country: native and exotic species to Chile, colonizer and exclusive species 
in Spain. We decided to compute data from each country separately in order to provide a comprehensive 
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model for each species group. Data from the two sampling years were used so as to encompass interannual 
variation in species occurrence. We computed all the possible models including the slope zone (SLOPE) and 
the two first axes of the climate and soil PCAs (CLIM1, CLIM2, SOIL1 and SOIL2) as predictors. Taking into 
account possible non-linear relationships, the respective quadratic terms (CLIM1^2, CLIM2^2, SOIL1^2 
and SOIL2^2), were also included. We tested the significance of including site and quadrats nested in sites as 
random factors in the models by computing the beyond optimal model (including all predictors); because of 
these mixed-effects models were not significantly different from the fixed-effects model adjusted by REML, 
only fixed effect models were further calculated for simplicity (Zuur et al. 2009). Analyses  were performed in R (R 
Core Team 2013) using packages lme4 (Bates and Maechler 2010) and glmulti (Calcagno and de Mazancourt 2010). 
Models were compared with the Akaike Information Criterion corrected for small sample size (AICc) 
(Burnham and Anderson 2002). We selected the 100 models with lower AICc values and we calculated the Akaike 
weight of each of these models, according to Burnham and Anderson (2002). For this subset of models, the 
relative importance of each predictor (Wi) was calculated as the relativized sum of the Akaike weight of the 
models in which this predictor appears (Burnham and Anderson 2002). Relevant predictors were considered when 
Wi ≥ 0.8. The effect of relevant predictors was determined by model-averaging, i.e. calculating the average of 
estimated coefficients of the 100 models weighted by Akaike weight of each model.
Model validation of the best-fit model (lower AICc) was based on checking the lack of patterns in Pearson 
and deviance residuals against explanatory variables to assess whether excess of variation is due to a misspecified 
model. We assessed the lack of overdispersion by verifying that the ratio between the sum of squared Pearson 
residuals and the difference between the number of observations and the number of regression parameters was 
about 1 (Zuur et al. 2009). To assess interannual variation, we checked that there were no significant differences in 
residuals between the two sampling years; therefore, they were considered as replicates. Similarly, to account 
for spatial correlation, we plotted residuals against latitudinal coordinates and checked for the absence of 
significant trends. For each selected model, the percentage of explained deviance (D2) was calculated from the 
residual deviance (Dr; sum of deviance residuals) and the null deviance (D0; deviance of the null model) as D
2 
= (D0 – Dr) / D0. 
In order to check the role of some biotic factors (i.e. competition) in naturalization process, correlation 
analyses were carried out between Chilean native and exotic species richness. Correlations were done at both 
regional (considering the 15 sites and two years), and local (considering the 12 quadrats of each site and 
sampling year) scale. 
RESULTS
Considering both countries and growing seasons, a total of 321 species were found. Species richness in 
Spain was 1.5 times higher than in Chile (Table 3). These differences also occurred at local scale, with a mean of 
20.4 (range from 5 to 56) and 14.2 (range from 2 to 25) species/quadrat in Spain and Chile, respectively. Half 
of the Spanish species were classified as colonizers, that is, they have been described as exotic species in Chile. 
However, 49 (45%) of these were not found in the Chilean surveys. Native Chilean species represented only 
half of the species recorded in this country; the other half was formed by exotic species, all of them present in 
the Spanish flora, although 13 species were not found in our survey in Spain. 
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Table 3. Numbers of native and exotic species in Chile and exclusive or colonizer species in Spain recorded in the survey plots.
ChILE SPAIN
Number of species % Number of species % 
Native/Exclusive 78 51.3 119 52.0
Exotic/Colonizer 74 48.7 110 48.0
Total 152 100 229 100
Soil and climate relationships
Chile and Spain differed significantly in five of the twelve soil variables, and in five of the six climate variables 
(Table 4). SOM, S concentration and C/N-ratio were higher in Chilean soils. Texture was also different between 
countries, being coarser (higher percentage of sand and lower percentage of silt) in Chile than in Spain. For 
climate variables, only precipitation did not show significant differences between countries. 
Table 4. Mean values and range of soil and climate variables in Chile and Spain. Variables with significant differences 
between countries (t-test, p ≤ 0.05) are highlighted in bold. Climatic variables were calculated for the 15 sites (n = 15) 
and soil variables were calculated for the two slope positions per site (n = 30) in each country.
ChILE SPAIN t p-value
Mean Range Mean Range
Soil variables
pH 5.7 5.1 – 6.7 5.7 4.8 – 6.6 -0.152 0.880
K (ppm) 154.6 55.1 – 360.9 123.5 54.9 – 260.2 1.445 0.155
Al (ppm) 51.0 20.0 – 109.2 62.2 14.8 – 203.3 -1.001 0.323
B (ppm) 0. 2 0.1 – 0.4 0.2 0.1 – 0.4 1.446 0.154
P (ppm) 3.5 1.4 – 14.5 3.7 0.8 – 10.4 -0.267 0.791
N (ppm) 2.0 0.8 – 4.8 1.8 1.1 – 3.2 1.548 0.129
SOM (%) 4.3 1.02 – 9.2 3.0 1.4 – 6.0 3.501 0.001
S (ppm) 352.8 88.7 – 766.2 202.1 68.4 – 390.8 4.019 0.000
C/N 12.4 5.4 – 16.2 9.8 6.0 – 13.4 5.004 0.000
% Sand 50. 7 23.8 – 82.2 44.1 20.8 – 72.8 2.182 0.033
% Clay 18.7 11.2 – 28.4 19.2 7.6 – 29.6 -0.476 0.636
% Silt 30.6 6.6 – 52.0 36.7 19.6 – 51.4 -2.645 0.011
Climate variables
PRECa 717.7 303-1168 740.8 468-1030 -0.255 0.801
TMEDb 14.6 13.1-17.0 15.8 14.5-16.9 -3.095 0.005
TMAXc 28.2 25.5-30.3 34.01 32.3-35.0 -14.146 0.000
TMINd 4.8 3.1-7.1 3.0 1.3-4.0 4.766 0.000
TOSCe 23.3 20.3-26.0 31.0 29.1-32.9 -216.710 0.000
MWDf 6.0 4.0-8.0 3.8 3.0-4.0 5.463 0.000
a) Annual precipitation; b) annual mean temperature; c) maximum temperature of the warmest month; d) minimum temperatures of 
the coldest month; e) temperature oscillation; f) number of months with water deficit
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Given the differences in soil and climate variables and in flora components between both countries, the 
PCA analysis was done for each country separately. The first two components of the soil PCA explained 60.8% 
and 52.5% of total variance in Chile and Spain, respectively. In the case of Chile, the first soil axis was associated 
with S, B, N and SOM, whereas the second soil axis was related to pH, Al, P and soil texture. For Spain, the first 
soil axis was associated with S, N and SOM, whereas the second soil axis was related to pH, Al and B (Table 
5). The first two climate components of the PCA explained 87.9% and 81.7% of total variance in Chile and 
Spain, respectively. In both countries, the first climate axis was associated mainly with precipitation, length of 
the drought period and maximum temperature, whereas the second climate axis was related to temperature 
oscillation and minimum temperature (Table 5).
Table 5. Scores of the soil and climate variables in the first two axes of the PCA for Chile and Spain. Variables significantly 
related to axis coordinates (Pearson correlation, p ≤ 0.05) are highlighted in bold.
Variable ChILE SPAIN
Axis 1 Axis 2 Axis 1 Axis 2
Soil variables
pH 0.154 0.406 0.171 0.455
K (ppm) 0.339 0.322 0.184 0.118
S (ppm) 0.381 -0.082 0.488 0.045
Al (ppm) 0.061 -0.352 0.068 -0.531
B (ppm) 0.410 0.073 0.176 0.451
P (ppm) 0.234 0.460 0.283 0.284
N (ppm) 0.415 -0.015 0.502 -0.056
SOM (%) 0.341 -0.132 0.493 -0.210
C/N -0.151 -0.210 0.291 -0.372
% Sand -0.276 0.364 -0.012 -0.065
% Clay 0.175 -0.314 0.056 -0.067
% Silt 0.269 -0.302 -0.021 0.131
Eigenvalue 4.874 2.424 3.446 2.849
% Variance 40.6 20.2 28.7 23.7
Climate variables
PRECa -0.905 0.054 -0.893 -0.099
TMEDb 0.919 0.348 0.465 0.836
TMAXc 0.854 -0.270 0.909 0.272
TMINd 0.534 0.799 -0.020 0.993
TOSCe 0.347 -0.920 0.769 -0.570
MWDf 0.890 0.033 0.613 0.076
Eigenvalue 3.606 1.667 2.922 1.983
% Variance 60.1 27.8 48.7 33.0
a)Annual precipitation; b) annual mean temperature; c) maximum temperature of the warmest month; d) minimum temperatures of 
the coldest month; e) temperature oscillation = Tmax-Tmin; f) number of months with drought period or water deficit.
According to the validation process, the best models selected for each species group in each country did 
not show important spatial correlation or interannual variation. 
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In Spain, the explanatory power of the abiotic variables analyzed was rather limited, as the variance explained 
by the best model was lower than 19% and 22% for exclusive and colonizer species, respectively. Colonizer 
species richness was negatively related to CLIM2^2 and SOIL2^2 (Table 6), being higher at intermediate 
values of TMIN, TOSC and pH, Al and B, while exclusive species richness was positively associated to lower 
slope zones (Fig. 16).
Table 6. Parameters and unconditional sampling variances (U. var.) for the nine predictors obtained considering the 100 
better models of native/exotic species in Chile and colonizer/exclusive species in Spain. Relevant predictors (relative 
importance, Wi ≥ 0.8) are highlighted in bold. CLIM and SOIL correspond to the components of the respective PCA, 
whereas 1 or 2 indicate the axis of the PCA. ^2 represent the quadratic term. The predictor SLOPE is the slope position.
ChILE SPAIN
Natives Exotics Exclusives Colonizers
Parameter U. variance Parameter U. variance Parameter U. variance Parameter U. variance
CLIM1 0.0702 0.00470 -0.0981 0.00201 0.0109 0.00051 -0.0048 0.00014
CLIM2 -0.0176 0.00124 0.2970 0.00260 0.0715 0.00455 -0.0027 0.00009
CLIM1^2 -0.0809 0.00383 -0.0371 0.00211 -0.0147 0.00061 0.0206 0.00059
CLIM2^2 -0.1290 0.00147 -0.1260 0.00106 -0.0239 0.00114 -0.0410 0.00078
SOIL1 0.0522 0.00074 -0.0055 0.00011 -0.0218 0.00074 0.0056 0.00011
SOIL2 0.1280 0.00142 0.0107 0.00035 0.0039 0.00009 0.0025 0.00004
SOIL1^2 -0.00004 0.000004 0.00003 0.000002 -0.00016 0.000002 -0.0044 0.00004
SOIL2^2 -0.0245 0.00038 -0.0165 0.00021 0.0047 0.00007 -0.0147 0.00011
SLOPE -0.0034 0.00034 0.1820 0.00477 0.0180 0.00104
Fig. 16 Relative impor-
tance of each predictor 
(Wi) according to Akaike 
weights. Blue bars rep-
resent climate predic-
tors (CLIM1, CLIM2, 
CLIM1^2, CLIM2^2), 
salmon bars represent 
soil predictors (SOIL1, 
SOIL2, SOIL1^2 and 
SOIL2^2) and green bar 
represents the geomor-
phologic predictor, the 
slope zone (SLOPE). Dis-
continuous lines denote 
relevant predictors in 
each situation (Wi ≥ 0.8)
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In Chile, the explanatory power of the best model on species richness was below 40% for natives and 75% for 
exotic species. Climate had an effect on both native and exotic species while soil characteristics only influenced 
natives (Fig. 16). Native species richness was negatively related with CLIM2^2, and positively related with 
SOIL1 and SOIL2 (Table 6), therefore it can be expected to be higher in areas with coarser soil texture, higher 
pH and soil fertility, and at intermediate values of TMIN and TOSC. Exotic species richness was negatively 
related with CLIM1 and had a hump-shaped response with CLIM2; then, number of exotic species increased 
monotonically with precipitation and had an unimodal response with TOSC and TMIN, raising the highest 
richness at intermediate values of both variables. As an example, annual precipitation, the main variable 
representative of the first climate axis, was positively correlated with plant species richness in Chile (Fig. 17). 
The relationship was significant for the number of exotic species (r = 0.652, p ≤ 0.001), but not for native ones.
Fig. 17 Relationship between species richness 
and annual precipitation in sampled plots of 
Chile. Purple circles and purple discontinuous 
lines represent exotic species, and orange 
circles represent native species. Only 
significant relationships are shown (p ≤ 0.05)
Native vs exotic species richness
At regional scale, native and exotic species richness was 
not significantly correlated in Chilean sites (r=0.124, p = 
0.514; Fig. 18a). Considering the 30 correlations conducted 
by site and year, only three were significantly positive and 
seven were significantly negative. Although most of those 
local correlations were non-significant, results showed 
a trend towards positive correlations at sites with lower 
total species richness, and negative correlations when total 
species richness was higher (Fig. 18b).
Fig. 18 (a) Relationship between native and exotic species richness 
in Chile considering 15 sites and two years. (b) Histogram showing 
Pearson correlation coefficients (positive or negative) between 
exotic and native species richness in Chile at each of the fifteen 
sites in the two sampling years (2010: light yellow, 2011: green 
bars). Discontinuous lines denote significant correlation value (p 
≤ 0.05). Sites are ordered by total species richness
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DISCUSSION
Mediterranean-type ecosystems around the world present a great opportunity to compare and understand 
the mechanisms determining the success of introduced species within a region (Groves and Di Castri 1991; Pauchard 
et al. 2004). This is especially important in the case of the Mediterranean regions of America and Spain due to 
their long history of species exchanges. The espinal in Chile and the dehesa in Spain present great similarities 
in terms of climate, lithology, plant physiognomy and land use. Their herbaceous vegetation also shares an 
important number of species because the origin of the exotic species naturalized in central Chile region is 
almost exclusively the Mediterranean Basin, and mainly Spain (Groves, 1986). In addition, the present study 
includes a wide range of Mediterranean-type climates in both countries but with similar lithology. These 
commonalities between the two regions provide an excellent scenario to analyze the importance of biotic and 
abiotic factors in the arrival and establishment of exotic species in Chile (Jiménez et al. 2008). The results of this 
study indicate that exotic species richness in Central Chile is a complex process driven by successive selective 
filters acting at the source (limiting the number of donor species) but mainly at the recipient area (conditioning 
the naturalization process). 
In the source area (Spain), species richness is higher than in Chile. This finding may be related to its lower 
soil fertility (an inverse relationship between species richness and fertility has been described in Mediterranean-
climate regions (Huston 1994; Holmgren et al. 2000)), as well as a shorter land-use history. The high species richness 
characteristic of grasslands in the Mediterranean Basin has been related to their millenary agrarian use 
(Perevolotsky and Seligman 1998), which has favored the co-evolution of plants with agrarian activities (Cowling et 
al. 1996; Hille Ris Lambers et al. 2010). On the one hand, the number of Chilean native herbaceous species is low, 
possibly related to the evolution of its flora in a region with scarce incidence of natural fire regimes (Aschmann 
and Bahre 1977; Aravena et al. 2003) and other disturbances until European arrival (Arroyo et al. 1995). On the other 
hand, drastic landscape transformation by humans over the last centuries not only reduced native flora but 
could also create opportunity windows (Shea and Chesson 2002) for exotic plants to colonize the Chilean espinal. 
Although the number of exotic species recorded in Chile is high, it represents a small fraction (32%) of 
all the Spanish species recorded in our study, or even of those Spanish species that have already become 
naturalized in Chile (45% of colonizer species). Nonetheless, sampling in both Chile and Spain was conducted 
over a wide range of environmental conditions, hence this result seems to indicate that some kind of filter has 
acted selectively on species between the source and the recipient area: they did not get to leave Spain, failed 
in transport pathway or failed to establish in Chile. The first two steps are difficult to know due to limitations 
of this type of studies (Kolar and Lodge 2001). As for establishment failure, Castro et al. (2005) estimated that 
between 7,070 and 35,400 exotic species were capable of reaching Chile as a consequence of the massive 
invasion of plant species to South America during the last five centuries, but less than 10% (assuming the 
tens rule of Williamson (1996)) are currently naturalized. The fact that many of the Spanish species classified 
as colonizer (and therefore present in Chile) have not appeared in our survey points out to failures in the 
establishment associated with abiotic filters. This explanation agrees with the existence of soil and climate 
predictors for colonizer species richness, but not for exclusive ones. In Spain, those species able to arrive and 
establish in Chile (classified as colonizer) are more dependent on environmental conditions than those that 
could not (classified as exclusive), or, in other words, the species able to arrive and establish in Chile are those 
more dependent on environmental conditions in the source area.
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Once in the recipient area, abiotic rather than biotic filters mainly determine the establishment success 
of exotic species in Chile. Chilean native species richness has weak but significant and positive relationships 
with edaphic conditions, like soil fertility, texture and pH. Nevertheless, exotic species richness has strong 
significant relationships with climate, increasing species richness when precipitation increases and summer 
drought period becomes shorter. This could be interpreted as different environmental filters acting in each 
group of species (edaphic for natives, climatic for exotics). Previous studies show that in semi-arid ecosystems, 
increase in water availability may promote colonization processes (Cleland et al. 2004; Kreyling et al. 2008); in our 
study, increase in precipitation favors exotic species, suggesting that wetter Mediterranean areas are more 
prone to the establishment of exotic species. Therefore, it could be important to identify wetter sites in Central 
Chile that might be more susceptible to colonization. 
Regions with similar macroclimates may have specific habitats linked to subtle differences in geography, 
topography, microclimate or in land-use history (Pauchard et al. 2004). For instance, the longer summer drought 
period in Chile compared to Spain is related to the lower latitude of the Mediterranean Chilean region and the 
fact that precipitation occurs mainly in winter (Aschmann 1973) instead of being in autumn and spring, as it occurs 
in Spain (Font Tullot 2000). The longer period of drought in Chile also acts as an environmental filter limiting the 
number of naturalized species, especially in drier Mediterranean areas where water deficit in summer could 
extend for up to 8 months. In fact, several of the colonizer species not found in the espinal survey are mainly 
(e.g, Agrostis castellana, Phleum pratense or Trifolium arvense) or exclusively (e.g. Bromus tectorum, Papaver 
dubium, Poa bulbosa or Stachys arvensis) present in Chile at higher latitudes (see http://www.lib.udec.cl/
database.html for species distribution area) with a wetter and cooler climate and a shorter drought period. This 
latitudinal displacement is possibly due to the longer duration of growing period in the donor area and it is in 
line with the trend of increasing exotic species richness as precipitation increases. This supports the increased 
resource availability hypothesis (Davis et al. 2000; Richardson and Pyšek 2006), being colonization promoted by 
an improvement in the main limiting resource (Cleland et al. 2004; Kreyling et al. 2008). Water availability appears 
to be the main limiting resource constituting an important factor determining species richness in semi-arid 
environments, as occurs in California (Richerson and Lum 1980), and therefore its increase favors colonization 
(Thomsen et al. 2006).
The accepted idea that naturalization of exotic species decreases native biodiversity (Richardson et al. 1989; 
Davis 2003) has been debated during the last decade (Houlahan and Findlay 2004; Richardson et al. 2007). In terms of 
species richness, our results agree with most recent studies (Gaertner et al. 2009; Jiménez et al. 2011) showing that 
there is an effective coexistence between native and exotic species in Chile. Many authors have considered 
that the existence of negative correlations between native and exotic species richness at local level is a sign of 
competition (Cleland et al. 2004; Bartomeus et al. 2012). At regional scale, the relationship between native and exotic 
species is not significant (Fig. 18a), corroborating the different influence of climate and soil characteristics on 
both species groups. When sites and years are considered separately most of the relationships are also non-
significant (Fig. 18b), suggesting that native have not been excluded by exotics species through competition. 
Although only few significant relationships were found, our results show that sites with higher species 
richness tend to have negative relationship (competition) between natives and exotics. This result agrees with 
Gilbert and Lechowicz (2005), who suggested that among other factors, non-saturation of species in plant 
communities could be the mechanism of co-existence between native and exotic species. Thus, it seems that 
plant competition is not an important biotic filter for the naturalization process in the Chilean espinal since 1) 
the lack of significant native-exotic species correlations at local scale, and 2) most of species studied are annuals 
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(75% of the 152 species considered in Chile), therefore, their life span limits the possibilities of competition for 
space to short periods of time and they have to start over interspecific relationships each year (supported by 
interannual differences obtained in correlations showed in Fig. 18b). 
In summary, exotic flora in central Chile is the result of a filtering process driven mainly by abiotic factors. 
The first filter acts on the ability of the Spanish species to reach Chile, limiting the number of colonizers that 
arrived to and established in the study area. Therefore, an abiotic filter is acting in the source area (climatic 
conditions are related to the number of colonizers but not exclusives), although it also could be related to land-
use or characteristics of the species, both of which are beyond the scope of this work. Once in the recipient 
area, an abiotic filter is acting again, with exotic species richness being positively related to water availability 
as the limiting factor. Even that these abiotic filters influence the naturalization process, it seems that exclusion 
due to competitive relationships between native and exotic species have no influence on it, possibly related 
with the low native species richness. Finally, all these filtering processes allow for the coexistence of native and 
exotic herbaceous species in Chilean Mediterranean grasslands.
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INTRODUCTION
Community assembly is a relevant issue in ecology from a theoretical (Hillebrand and Matthiessen 2009; 
HilleRisLambers et al. 2012; Pysek and Chytrý 2014) and applied point of view (Young et al. 2001). Most of the studies 
of species co-occurrence have focussed on the importance of abiotic and biotic factors acting on the species 
present in a given region (Diamond 1975; Chase 2003; Götzenberger et al. 2011). However, other studies highlighted 
the importance of evolutionary and biogeographical processes on the configuration and composition of the 
regional species pool (Ricklefs 2004; HilleRisLambers 2012), which can even be more important than local filters 
(Chase 2003; Zobel and Partel 2008). This regional pool is in many cases a mixture of species of different evolutionary 
origin (Harrison and Grace 2007), particularly in regions with high levels of plant invasion.
Processes of biological invasion represent excellent scenarios for analyzing patterns of communities’ 
organization and assembly. The degree of successful establishment of exotic species depends upon their 
adaptation to the new environmental conditions and on their interaction with other species with which they 
had not previously co-existed. This interaction gives rise to a reorganization in the assembly of species, which 
will likely be seen in changes in their spatial patterns. Comparison of these patterns with those existing in the 
region of origin of the exotic species can provide valuable information on the role played by these species in 
structuring communities. This kind of study is uncommon despite the fact that coexistence of species from 
different biogeographic origins has been recognized as an interesting case of community assembly (Davis et al. 
2011; Dostál 2011; Sutherland et al. 2013).
Grasslands in different Mediterranean climates share a large amount of species, most of them being natives 
from the Mediterranean Basin but exotics elsewhere (Arianoutsou et al. 2013). Several studies have shown the high 
values of plant richness they maintain (Pineda and Montalvo 1995; Cowling et al. 1999; Ovalle et al. 2006; Maltez-Mouro 
et al. 2010). There has been little research, however, into the influence of the invasion process on the spatial 
organization of these plant communities despite the fact that some studies recognize the importance of the 
assembly history in the structure of these communities (Sanders et al. 2003; Martin and Wilsey 2012). After an invasion 
process, the community assembly is driven by the action of different abiotic and biotic factors (Gutiérrez et al. 
2014): interspecific competition, toleration, or facilitation (Diamond 1975; Madrigal et al. 2011), environmental inter-
regional differences and habitat histories (Holmgren et al. 2000; Pauchard et al. 2004; Arianoutsou et al. 2013), as well as 
by the regional species pool, particularly the biogeographical origin and history of arrival of its components 
(Figueroa et al. 2004; Castro et al. 2005). These factors might have conditioned the assembly of introduced species 
and the latter together with the native ones in Mediterranean grasslands outside Europe, which is displayed in 
the degree of their spatial organization (pattern co-occurrence). 
In the present paper we analyze the spatial patterns of herbaceous species co-occurrence in grasslands in 
two Mediterranean regions (Spain and central Chile) subjected to similar cultural regimes within a silvopastoral 
system. In Chile, the invasion process is associated with the introduction of European agriculture in the XVI 
century (Groves and Di Castri 1991; Arroyo et al. 1995). More than 500 species of exotic plants, mostly from the 
Mediterranean Basin, have been reported for central Chile (Figueroa et al. 2011; Martín-Forés et al. 2012), which 
represent 18% of the flora in this region. If only Chilean seminatural grasslands are considered, this figure 
surpasses 40% (Martín-Forés et al. 2012). The time of residence of herbaceous species introduced into Chile varies 
greatly (Castro et al. 2005) and their early distribution possibly followed a random pattern, more associated to the 
introduction of agrarian activities than environmental factors driving the distribution of species (Groves and Di 
Castri 1991; Figueroa et al. 2004; Castro et al. 2005; Wilson et al. 2009; Fuentes et al. 2013). 
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The aim of this study is to identify inter-regional differences in the spatial organization (i.e. species co-
occurence) of native and non-native species. We hypothesize that: i) in a similar environmental and cultural 
context, the colonizer species can reach the same degree of spatial organization in both regions, and ii) as a 
result of a possible disassembly of the invaded Chilean communities, the degree of spatial organization of 
the colonizers in Chile might be higher than that of the Chilean exclusive species. We study 15 sites in each 
country distributed throughout an extensive territory and sampled during two consecutive years. We identify 
the species spatial organization patterns in both regions by means of null models for three groups of species: 
the Spanish ones introduced in Chile (colonizers), those with exclusive presence in each region (exclusives) 
and both groups considered together. The potential underlying mechanisms of the patterns identified are 
examined.
MATERIAL AND METhODS
Study area
The study was conducted in the Chilean espinal and the Spanish dehesa, two silvopastoral systems used 
for extensive livestock grazing in Mediterranean grassland areas. Both ecosystems are very similar in terms 
of physiognomy, livestock, management technology and the associated cultures (Ovalle et al.1996; Marañón 1988). 
They differ with regard to their woody vegetation but are very similar in the structure of the herbaceous 
vegetation. The dehesa contains scattered trees of holm oak (Quercus ilex subsp. ballota (Desf.) Samp.) or 
cork oak (Quercus suber L.) within a herbaceous matrix mainly comprising winter annuals (Joffre et al. 1999; 
Marañón et al. 2009). Its origin dates back several centuries or millennia, when human intervention in woodlands 
transformed the landscape into a pseudosavannah (Le Houérou 1981; López et al. 2007). On the other hand, the espinal 
represents a recent and largely anthropogenic formation (Ovalle et al. 1999) associated with the transformation 
of the landscape following the Spanish colonization in the 16th century (Arroyo et al. 2000; Figueroa et al. 2004). 
It is covered with dispersed trees of Acacia caven Mol. (known as espino) within a herbaceous matrix mainly 
comprising annual plants, native and exotic species of Mediterranean origin (Ovalle et al. 1996, 2006; del Pozo et al. 
2006). The dehesa represents the source area for most of the Chilean exotic species of the espinal, and therefore 
constitutes an excellent scenario for studying the process of colonization and naturalization of exotic species 
(Pauchard et al. 2004; Jiménez et al. 2008; Martín-Forés et al. 2012).
In Chile we selected an area comprising 600 km from 32°35’ to 37°00’ S and from 70°46’ to 72°35’ W. In 
Spain the investigation was conducted in the center-west of the Iberian Peninsula, from 40°13’ N to 37°51’ 
N and from 4°23’ W to 7°02’ W (Fig. 19). The two study areas covered a wide range of climate conditions in 
which dehesas and espinales are distributed. Mean annual temperature ranged from 13.1 to 17.0ºC and from 
14.5 to 16.9ºC in Chile and Spain respectively, whereas annual precipitation varied from 303 to 1168 mm 
and from 468 to 1030 mm, respectively. Soils in both regions were slightly acidic, derived from igneous or 
metamorphic rocks and the topography was hilly. 
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Fig. 19 Location of the sites of Mediterranean grasslands in Spain and Chile considered in the present study. See Table 7 
for codes and species richness of each site
Data collection
We selected fifteen sites in each country in order to cover the whole range of environmental conditions 
in which the dehesas and espinales are distributed. In each site, two 10 x 10 m plots, separated by at least 40 
m, were selected. In each plot, six 50 x 50 cm quadrats were randomly distributed and the presence of all the 
herbaceous species existing within each quadrat was assessed. In order to avoid the influence of trees (holm oaks 
or espinos), we always situated the quadrats in open areas (Marañón et al. 2009; De Miguel et al. 2013). As most of the 
herbaceous plant species in Mediterranean-type ecosystems display some inter-annual composition variability 
(Peco et al. 1983; Figueroa and Davy 1991), sampling was conducted during two consecutive growing seasons (2010 
and 2011). The Chilean species were classified as native or exotic, according to Marticorena and Quezada 
(1985, 1987) and Fuentes et al. (2013). All the Chilean exotic species recorded in samples were common to the 
Spanish dehesas. In the case of Spain, all the species were native and were classified as colonizers (the ones that 
have become naturalized in Chile) or exclusives (only present in Spain). 
We performed analyses   for three groups of species in each country: exclusives (natives that appeared only 
in one of those countries), colonizer (the Spanish ones introduced in Chile), and both groups together (‘all 
species’). Plant species richness (total number of species), number of colonizer and exclusive species in Chile 
and in Spain were calculated for each site and growing season (Table 7).
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Table 7. Codes (see Fig. 19), geographical coordinate, and richness of herbaceous species of the 15 sites sampled in each 
country.
herbaceous plant richness
All species Colonizer species Exclusive species
Site Code Latitude Longitude 2010 2011 2010 2011 2010 2011
CHILE
Catapilco C1 32º35’52’’S 71º18’50’’W 34 37 24 24 10 13
Liaillay C2 33º00’25’’S 70º53’41’’W 21 30 8 14 13 16
Colina C3 33º07’47’’S 70º46’34’’W 13 9 6 5 7 4
Melipilla C4 33º49’18’’S 71º18’51’’W 31 33 21 21 10 12
San Pedro C5 33º55’08’’S 71º26’24’’W 32 39 20 21 12 18
Alcones C6 34º18’56’’S 71º44’21’’W 43 47 25 28 18 19
Pumanque C7 34º37’46’’S 71º42’53’’W 28 35 16 20 12 15
La Estrella C8 35º46’46’’S 72º11’47’’W 43 56 24 33 19 23
Cauquenes C9 35º58’49’’S 72º13’36’’W 40 49 17 23 23 26
Quirihue 1 C10 36º10’18’’S 72º27’08’’W 35 44 22 24 113 20
Quirihue 2 C11 36º15’21’’S 72º32’54’’W 49 51 29 31 20 20
San Nicolás C12 36º29’20’’S 72º13’20’’W 44 53 26 27 18 26
Rucapequen C13 36º40’22’’S 72º15’09’’W 44 43 27 28 17 15
Larqui C14 36º42’32’’S 72º15’51’’W 55 52 21 22 34 30
Yumbel C15 37º00’23’’S 72º33’55’’W 40 41 29 30 11 11
SPAIN
Bronco S1 40º12’59’’N 6º20’39’’W 64 76 37 48 26 28
Cilleros S2 40º06’58’’N 6º45’24’’W 57 68 43 48 13 19
Serradilla S3 39º45’41’’N 6º06’56’’W 73 74 48 45 24 29
Navalvillar de Ibor S4 39º32’53’’N 5º22’57’’W 43 55 25 34 18 20
Madroñera S5 39º25’21’’N 5º47’43’’W 60 65 38 47 21 17
Logrosán S6 39º21’28’’N 5º25’03’’W 53 58 36 41 16 17
Casas de Don Pedro S7 39º05’57’’N 5º19’26’’W 77 57 50 37 26 20
Puebla de Alcocer S8 38º57’15’’N 5º13’18’’W 64 50 39 31 25 19
Cabeza de Buey S9 38º46’38’’N 5º12’43’’W 70 68 47 43 23 25
Alcudia S10 38º36’49’’N 4º23’25’’W 52 56 38 37 13 19
Castuera S11 38º46’20’’N 5º34’47’’W 72 48 37 28 35 20
Fuente del Canto S12 38º16’33’’N 6º20’21’’W 66 71 42 42 23 28
Aroche S13 37º58’01’’N 7º01’26’’W 53 51 37 35 15 15
Aracena S14 37º51’58’’N 6º33’52’’W 81 69 47 47 33 21
Cortegana S15 37º56’21’’N 6º51’52’’W 75 62 44 39 30 22
Data analyses 
We used null models to analyze patterns of species co-occurrence (Gotelli and McCabe 2002). Despite the constant 
debate (Ulrich and Gotelli 2013; Veech 2013), null models constitute a sound option for comparing the spatial structure 
of communities in areas presenting different environmental conditions (Gotelli and Graves 1996; Weither and Keddy 1999; 
Gotelli 2000). These models involve statistical tests based upon randomization of ecological data generating random 
community patterns, and have been used to detect patterns in binary species presence-absence matrices (Gotelli 
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2000; Álvarez-Pérez and Herrera 2013; Ulrich and Gotelli 2013). Comparison of random patterns with those observed in the 
communities analyzed provides information on the mechanisms (biotic interactions and abiotic filters) structuring 
communities. For a structured community, the observed co-occurrence of species should be significantly different 
(higher or lower depending upon the co-occurrence index employed) from the random co-occurrence pattern. 
We analyzed the differences between the observed and random co-occurrence pattern in Spain and Chile 
for the two sampling years (2010 and 2011) and for three sets of species: colonizer ones, exclusive ones and 
the set of ‘all species’. For each country and year we organized the data into presence-absence matrices in 
which each row represented the species of each set and the columns showed the 15 sites sampled.
The species co-occurrence patterns were analyzed using two indices provided by EcoSim 7.0 simulation 
software (Gotelli and Enstminger 2012) and which are commonly used as indices of co-occurrence: the number of 
Checkerboard species pairs (Diamond 1975; Gotelli and McCabe 2002) and the C-score index (Stone and Roberts 1990). 
The number of Checkerboard species pairs (Checkerboard index) is calculated by counting the number of 
unique pairs of species never co-occurring. It is a very strict index of the degree of co-occurrence, because it 
requires perfect segregation of the species. In a structured community (e.g. as a result of strong competitive 
interactions between species), there should be a significantly greater amount of species pairs that never co-occur 
(perfect checkerboard distribution) than to what might be expected randomly. The C-score index quantifies 
the average number of ‘checkerboard units’ (CU) between all possible pairs of species. A checkerboard unit is 
any submatrix of the form: 10/01 or 01/10. For any given pair of species, CU is calculated as: CU = (Ri-S) (Rj-
S), Ri and Rj being the number of presences for species i and species j, respectively, and S the number of sites 
occupied by both species (Gotelli and Entsminger 2012). This index also measures the degree to which species not 
co-occur across a set of sites but it is not as stringent as the Checkerboard index because it does not require 
complete segregation (Gotelli and McCabe 2002). In a structured community the observed C-score value should be 
significantly higher than expected by random.
We compared the observed values of both indices with the distribution of the expected values obtained 
from 5,000 matrices generated randomly by EcoSim software. A null model algorithm with a low risk of Type 
I error (FF= Fixed-Fixed) was selected (Gotelli 2000; Gotelli and Enstminger 2012). In FF algorithm, both the sum of 
the rows (species) and the sum of the columns (sites) remain constant in the simulated matrices. This algorithm 
leads to the assumption that the probability of a site being colonized is proportional to the species richness it 
harbours, and it therefore adjusts to the environmental reality imposed by each site. 
EcoSim provides for each of the two indices selected the observed, expected by random, and standardized 
effect size (SES) values, which provides information on the number of standard deviations that the observed 
index is above or below the mean index of the simulated communities (Gotelli and McCabe 2002). The SES values 
are comparable among different datasets. Either positive or negative SES values show a spatial segregation of 
species, greater or lower, respectively, than that expected from random. Absolute SES values show the degree 
of that spatial segregation. For each index EcoSim provides the p-values, which inform about the statistically 
significant difference of the values observed in relation to those obtained from the 5,000 simulations (Gotelli and 
Enstminger 2012).
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RESULTS
The observed values and those randomly obtained for the Checkerboard and C-score indices are shown in 
Tables 8 and 9, respectively. In general terms, the inter-annual differences between the values observed and the 
SES values (Fig. 20) of both indices were smaller than inter-regional ones. 
Table 8. Analyses  of species co-occurrence in Chile and Spain using the Checkerboard index for different groups of 
species and Fixed-Fixed null model algorithm. The asterisk in significant p-values indicates observed checkerboard values 
lower than simulated ones. NS non-significant p-values (p > 0.05).
Simulated Checkerboard
Observed Checkerboard Mean Variance p-value
All species
Chile 2010 3538 3406.2 2104.2  0.0020
Chile 2011 3713 3594.8 1885.9  0.0020
Spain 2010 9697 9343.5 3104.3 <0.0001
Spain 2011 6767 6584.0 2057.9 <0.0001
Colonizer species
Chile 2010 656 620.87 234.9  0.0100
Chile 2011 913 841.04 268.3 <0.0001
Spain 2010 1450 1374.38 512.8 <0.0001
Spain 2011 1048 1013.46 445.4 NS
Exclusive species
Chile 2010 1013 986.41 345.5 NS
Chile 2011 862 900.36 364.8   0.0206*
Spain 2010 3488 3402.37 555.4 <0.0001
Spain 2011 2365 2290.16 279.7 <0.0001
Fig. 20 Standardized effect size (SES) values for analyses  of co-occurrence of three groups of grassland species for 
Chile and Spain in 2010 and 2011, using the Checkerboard index (a) or the C-score index (b) for Fixed-Fixed null model 
algorithm. The asterisk represents significant differences (p < 0.05) between observed and simulated values 
68
Chapter 4 Community structuring
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean 
grasslands
Naturalización transcontinental de especies herbáceas en pastizales 
mediterráneos españoles y chilenos
Table 9. Analyses  of species co-occurrence in Chile and Spain using the C-score index for different groups of species and 
Fixed-Fixed null model algorithm. NS: non-significant p-values (p > 0.05).
     Simulated C-score
Observed C-score Mean Variance p-value
All species
Chile 2010 4.72 4.61 0.0004 <0.0001
Chile 2011 4.82 4.71 0.0004 <0.0001
Spain 2010 4.53 4.47 0.0002 <0.0001
Spain 2011 5.09 5.05 0.0001  0.0004
Colonizer species
Chile 2010 4.85 4.72 0.0009 <0.0001
Chile 2011 4.79 4.65 0.0007 <0.0001
Spain 2010 5.27 5.22 0.0004   0.0162
Spain 2011 5.72 5.69 0.0003 NS
Exclusive species
Chile 2010 4.13 4.04 0.0022  0.0346
Chile 2011 4.60 4.45 0.0018 <0.0001
Spain 2010 3.78 3.73 0.0007  0.0328
Spain 2011 4.38 4.31 0.0004 <0.0001
The SES values of Checkerboard and C-Score in Spain and Chile were mostly positive and significantly 
different from random, indicating a spatial segregation higher than the expected from random (Fig. 20). The 
only negative SES value was the Checkerboard for exclusive species in Chile in 2011. Nonetheless, we detected 
clear inter-regional differences between both indices, depending upon the groups of species considered. The 
species exclusive to Spain exhibited absolute SES values higher than the exclusive species of Chile for the 
Checkerboard index (Fig. 20a), and very similar ones for the C-Score index (Fig. 20b). The colonizer species 
in Chile reached SES values for the C-Score index much higher than those recorded for the same species in 
Spain, and in both years they were significantly different from random (Fig. 20b). However, when considering 
the Checkerboard index, the inter-regional difference for colonizers was not so clear, although the highest 
and lowest absolute SES values were reached in Chile (2011) and in Spain (2011) respectively (Fig. 20a). 
For the group ‘all species’ the results differed depending upon the indices considered. The SES values for the 
Checkerboard index were always positive and significantly different from random in both countries, although 
they were higher in Spain than in Chile in the two years analyzed (Fig. 20a). For the C-Score index the SES 
values were equally positive and different from random in both countries, but in this case, they were higher in 
Chile in the two years considered (Fig. 20b).
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DISCUSSION 
In our study, in most cases, the segregation of species is higher than the expected from random (positive SES 
values), showing structured communities. This pattern is expressed with different intensity in Spain and Chile 
and between the two years considered. The temporal variation is possibly related to the dynamics of inter-
annual floristic composition characteristic of Mediterranean grasslands communities, which are dominated 
by annual species (Peco et al. 1983; Figueroa and Davy 1991). However, the differences encountered between the 
two years are of scarce magnitude compared with those existing between both countries, which indicates 
greater geographic than temporal variability. The community assembly process is driven by the action of 
different abiotic and biotic filters, thus, those factors could be acting in the spatial segregation of species. A 
high degree of spatial segregation tends to be attributed to groups of species with different environmental 
requirements, or to intense interspecific competition associated with the scarce contribution of toleration 
and facilitation mechanisms (Diamond 1975; Connor and Simberlof 1979; Gotelli and Graves 1996; Weither and Keddy 1999; 
Götzenberger et al. 2011). Although we did not explore the causes of species co-occurrence, the result obtained 
is coherent with a strong influence of abiotic factors upon species distribution (Peres-Neto 2004; McCreadie and 
Bedwell 2013; Martín-Forés et al. 2015). At a broad geographical scale (inter-sites), as considered in our study, some 
authors report that the environmental heterogeneity seems to determine spatial segregation whereas at plot 
scale, the spatial segregation seems to be influenced by species interactions (Reitalu et al. 2008). The conditions 
imposed by the environmental heterogeneity (e.g. edaphic conditions, and rainfall and temperature variability 
associated with the environmental gradient analyzed within each country) determine the absence of certain 
species in determined sites, as they are not well adapted to these environments. When the scenario simulated 
contemplates the above-mentioned limitations (FF algorithm), the results obtained indicate that species 
respond to the environmental heterogeneity becoming better organized therein than what might be expected 
from random. The influence of biotic factors, however, cannot be ruled out in this result, as this kind of factors 
might also be conditioning the observed co-occurrence values. Whether biotic factors acted, the results 
would have indicated a preponderance of interspecific competition instead of tolerance and/or facilitation 
in the grasslands communities’ assembly in both countries. There is a need for further study to clarify these 
hypotheses. 
The inter-regional differences revealed by the co-occurrence indices depend upon the group of species 
analyzed. For the group of ‘all species’, SES values for the Cherckerboard index indicate a clearer spatial 
segregation of the species in Spain than in Chile. Nonetheless, on considering the values of the C-Score index, 
the values observed in both regions are also significantly higher than the expected from random, although in 
this case the difference from random is greater in Chile than in Spain. Although the C-Score index is not as 
demanding as the Cherckerboard index as a measure of the degree of co-occurrence, (Gotelli and McCabe 2002), 
this discrepancy between indices does not allow confirming clear inter-regional differences when considering 
all species together. 
The results obtained for the group of ‘all species’ can be accounted for by the different roles played by the 
colonizer species and the exclusive ones detected in both countries. The species exclusive to Spain maintain 
a clearer spatial segregation than Chile’s exclusive ones. However, the colonizer species in Chile exhibit a 
clearer spatial segregation than in Spain. The latter result indicates that the time since the arrival of the Spanish 
colonizer species to Chile has been sufficient to reach a non-random spatial segregation, establishing structured 
communities of these species, even more clearly than in their region of origin. This fact does not fully coincide 
with the hypothesis of our study. In the grasslands of Chile’s Mediterranean region, the Spanish colonizer 
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species might be exposed to greater competition possibly due to their coexistence with native species, or due to 
the higher environmental heterogeneity that favor habitat preferences more than in their own region of origin 
(Connor and Simberlof 1979; Gotelli and Graves 1996; Weither and Keddy 1999). In our study, the role of environmental 
heterogeneity as the main factor to explain the latter is supported by the fact that the climate gradient in Chile 
is broader than that in Spain, with wider ranges of temperature and precipitation and longer summer drought 
periods (Martín-Forés et al. 2015).
Both exclusive Spanish species and colonizers in Chile show a greater degree of spatial segregation than 
exclusive Chilean species, which confirms the first hypothesis of our study. The introduction of a European 
agricultural system in Chile’s Mediterranean region involved the establishment of disturbance regimes 
heretofore unknown in this region, such as periodic plowing, a high livestock load and fire (Muñoz and Fuentes 
1989). These conditions not only favored the entry of exotic species (Le Houérou 1991; Holmgren et al. 2000), mostly 
ruderals and weeds (Casado et al. 2015), but also the disassembly of the native herbaceous communities. The 
capacity of adaptation of these exotic species to the above-described agricultural system (Baker 1974; Figueroa 
et al. 2004; Castro et al. 2005), the possible exclusion of native species by alien competitors (Callaway and Aschehoug 
2000; Callaway and Ridenour 2004), and the existing processes that facilitate the progressive entrance of new 
exotic species (Simberloff and Von Holle 1999; Madrigal et al. 2011) could determine that the colonizer species reach 
a competitive advantage over native ones. The result of these processes would be the selection of a small set 
of native species, generally annual ones, adapted to the new environmental conditions (Arroyo et al. 2000), and 
showing a lower level of segregated community pattern than colonizers do. Related to this, rapid processes of 
disassembly of animal communities by invasive species have been highlighted in other studies (Sanders et al. 2003). 
Additionally, the longer period of co-existence that colonizer species have gone through in Spain, together 
with their long history of adaptation to the conditions imposed by the silvopastoral system (Arianoutsou et al. 
2013), might have favored a more segregated distribution to face the environmental heterogeneity imposed by 
the new Chilean cultural landscape than Chilean exclusives ones. 
Establishment of European agricultural systems in Chile’s Mediterranean region has altered the structure 
of the original herbaceous communities (Turner et al. 1995; Pauchard et al. 2004; Castro et al. 2005). Our results suggest 
that, under a process of vast colonization as the one contemplated in this study, the species spatial organization 
patterns cannot be understood when considering all species together. The process of disassembly is shown in 
our study by the spatial structure of the Chilean native species which have overcome this process, in a less 
segregated level than the exotic species that became naturalized in Chile. 
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INTRODUCTION
The idea of invasive species commonly involves the negative connotation of damage to ecosystems, 
considering all invasive species as harmful enemies or weeds responsible for declining native biodiversity 
(Humphries et al. 1991), or causing devastating consequences at ecosystem level (Levine et al. 2003; Vilà et al. 2011). 
Nevertheless, little is known about the interactions of native and alien plant species forming a new community 
after a disturbance (McDougall and Turkington 2005), and studies examining long-term effects of alien species in 
mixed native/alien species communities are scarce (Lodge 1993; Meiners et al. 2002; Suding et al. 2004; Sax and Gaines 
2008). Previous studies pointed out that when biological invasion starts, alien species reach areas where they 
have never been before and interact with native species which they did not previously evolve with (Heger and 
Trepl 2003; Cox 2004). This implies new biotic interactions (Saul et al. 2013) driving community assembly (Corbin 
and D’Antonio 2004; Cramer et al. 2008) and ontogeny (Magro et al. 2014) in the invaded area, which could be a 
determinant for the success or failure of those invasions. This scenario allows potential insight into patterns of 
life-form replacement in alien and native species groups, possible exclusion of natives as a consequence of the 
effects of alien invaders as previously observed by Orrock et al. (2008), and relationships, whether negative 
(competence), neutral (tolerance), or positive (facilitation) between them. 
Although the classic idea of ecological succession has been present in ecological literature for several 
decades (Walker and del Moral 2003), its popularity has decreased and the knowledge provided by it has not been 
appropriately integrated in biological invasion studies (Catford et al. 2009; Prach and Walker 2011). To understand 
alien plant behavior it is important to not only to consider the time of introduction and a broader temporal 
range (Suding et al. 2004; Cramer et al. 2008), but also community assembly with natives along secondary succession 
(Catford et al. 2009; Prach and Walker 2011). Thus, succession studies can provide the necessary conceptual basis to 
explore how the dynamics of community assembly operate, as well as to understand the role of alien species in 
the process of ontogeny of mixed native/alien communities.
Previous studies proposed that dynamics of vegetation communities may be altered due to biological 
invasions that occur after disturbances (Meiners et al. 2002; Cramer et al. 2008). A number of studies have shown 
that disturbed sites are more susceptible to being invaded than undisturbed ones (Groves and Burdon 1986; Davis et 
al. 2000; Young et al. 2001; Shea and Cheasson 2002; Catford et al. 2009; Gurevitch et al. 2011), particularly in post-agricultural 
lands (Rejmánek 1989; Meiners et al. 2001). After disturbances, novel niche opportunities are created (Johnstone 1986; 
Shea and Chesson 2002) of which aliens can take advantage. This can be explained by the empty niche hypothesis 
(Simberloff 1995; Hierro et al. 2005), and the concept of opportunity window (Shea and Chesson 2002; Catford et al. 2009). 
In this context, Chilean post-agricultural grasslands, currently used for livestock grazing, constitute an excellent 
scenario for studying patterns of invasion by alien species and community assembly associated with ecological 
secondary succession, due to the high percentage (49%) of aliens they contain (Martín-Forés et al. 2012). The 
novelty of the present study relies on the lack of previous reports relating community ontogeny with invasive 
effects in mixed alien/native herbaceous communities typical of Mediterranean grasslands.
Thus, the main aim of this study is to evaluate the relationship among native and alien species which 
show an invasive behavior (sensu Richardson et al. 2000), by studying patterns in community ontogeny associated 
with secondary succession. The two types of disturbance considered in this study (grazing and plowing) are 
considered the main drivers favoring higher diversity and abundance of alien plant species (Jauni et al. 2015), so 
we hypothesize that a detriment of native species will occur along succession due to the effect of alien species 
in the community. 
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MATERIAL AND METhODS
Study area
The study was conducted in four farms (sites) located in the eastern part of the coastal mountain range 
(34°42’-36°32’ S and 70°18’-72°47’ W), in the administrative region of Maule, within the Mediterranean 
region of Central Chile: Culenco (CU), El Álamo (EA), Patagua (PA) and Santa Dolores (SD). The region is 
dominated by savannah-like grassland known as espinal, formed by scattered trees of Acacia caven and a 
herbaceous matrix of native and exotic species almost exclusively from the Mediterranean Basin (Ovalle 
et al. 1990). In order to reduce variability, management practices, topography, and substrate were similar in 
all selected sites. The mean annual temperature in this region is 14.7°C, the mean minimum is 4.7°C (July) 
and the maximum 27.0°C (January). Long-term average annual precipitation is 695 mm, with a six-month 
(November–April) dry season. Topography in all studied sites was hilly without pronounced steep slopes and 
soils were slightly acidic and presented low nutrient content: less than 20 ppm of N, 2-3 ppm of P and 1-2 % 
of organic matter.
The land use system in all these farms is based on a crop-pasture rotation where paddocks with crops 
(mainly wheat) coexist with grasslands covering a wide temporal gradient since cultivation abandonment. 
For crop establishment the soil is ploughed in spring and maintained as fallow till the next autumn when the 
crop is sown, using conventional tillage and moderate levels of fertilization. After crop harvest, semi-natural 
grasslands dominated by annual species are established which remain for several years or even decades. These 
grasslands are used for extensive grazing. During the first years these grasslands are grazed mainly by sheep 
(stocking rate ranging between 1.5 – 3 sheep/ha), and later by cattle, mostly during winter, in order to avoid 
running out of pastures in summer period (Fig. 21).
Fig. 21 Map of studied 
area of Mediterranean 
grasslands in central Chile 
and general diagram of 
the experiment. In the 
Maule province four sites 
have been considered: Pa-
tagua (PA), Culenco (CU), 
El Álamo (EA), and Santa 
Dolores (SD)
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Data collection 
Vegetation surveys were conducted in paddocks of different age since cultivation at each of the four 
farms in spring 2011 (late October and early November). The surveys were more concentrated during the 
first decade of abandonment, since community dynamics is faster during the early successional stages (Peco 
1989; Pineda et al. 1981). Therefore, at each site, five ages were considered: crop cultivation including their weed 
species (stage I), one to three years (stage II), four to six (stage III), six to ten years of abandonment (stage IV), 
and finally, grassland communities abandoned more than forty years ago (stage V). In the Patagua (PA) site no 
paddocks with 6-10 years of abandonment existed, therefore only four situations were sampled (stages I, II, III 
and V). In order to consider the possible influence of water availability between slope positions in plant species 
composition (Casado et al. 1986; Acosta et al. 2008), vegetation at each site and age stage was evaluated in two 10 
x 10 m plots located on the upper and lower zone of a gentle slope, respectively. The distance between slope 
zones was always comprised between 50 and 100 m. In each of the 38 plots (4 sites x 5 successional stages 
(except at PA) x 2 geomorphological positions), six 50 x 50 cm quadrats were randomly distributed where total 
plant cover and the presence of all occurring species was assessed (Fig. 21). Quadrats were always situated in 
open areas to avoid the influence of Acacia caven trees on species composition (de Miguel et al. 2013). 
Chilean plant species were classified as native or alien according to Marticorena and Quezada (1985, 1987), 
and the information provided by the Biological Invasions Lab (LIB) of the Universidad de Concepción (http://
www.lib.udec.cl/database.html). Nomenclature of all alien species of European origin were homogenized 
according to Castroviejo et al. (1986-2014), and in the case of families not reported in this source, according to 
Tutin et al. (1964-80). For the Chilean native species the nomenclature was standardized according to Zuloaga 
et al. (2008).
Data analyses   
Cultivated species, such as Triticum sp. and Avena sativa were not considered for the subsequent analyses 
due to its deliberate human introduction for agricultural purposes. Juncus bufonius was also removed from the 
database because of its native character both in Chile and Spain, therefore, it was difficult to assess whether 
the individuals found originated in one country or the other. Years since abandonment were log-transformed. 
An exploratory Detrended Correspondence Analysis (DCA) was carried out to explore the main floristic trends 
among plots and to know which species were the most determinant in relation to the obtained axes. The 
influence of slope zone and successional (years since abandonment) gradient on species richness (i.e. number 
of species), was evaluated using different mixed model effects analyses with a Poisson error distribution. Models 
were fitted considering as response variables total species richness and richness of each species group: native 
and alien species to Chile; annuals and perennials. We computed all the possible models with log-transformed 
time since abandonment (TLOG) and slope zone (ZONE) as the explanatory variables (fixed factors), and SITE 
as the random factor. 
All possible models including differing in the structure of fixed effects were adjusted by the Laplace 
approximation, and the Akaike Information Criterion corrected for small sample size (AICc) (Burnham and 
Anderson 2002) was calculated. The best-fit models (lowest AICc and with differences in their AICc lower than 2, 
∆AICc<2) were selected; in cases where more than one best-fit model resulted, parsimony criterion was applied 
and the model with a lower number of parameters was chosen for subsequent analyzes. Model validation 
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of the best-fit model was based on checking the lack of patterns in Pearson and deviance residuals against 
explanatory variables to assess whether excess variation was due to a misspecified model or not. We also 
assessed the lack of overdispersion by verifying that the ratio between the sum of squared Pearson residuals 
and the difference between the number of observations and the number of regression parameters was about 
1 (Zuur et al. 2009). 
Finally, Spearman rank-sum correlation between native and alien species richness, and Pearson correlations 
between each of them and total herbaceous cover were also calculated to explain how community assembly 
evolves along time. These correlations were done at the quadrat scale. Analyses were performed in PCORD 
(Multivariate Analysis of Ecological Data. Version 6. MjM Software, Gleneden Beach, Oregon, U.S.A) and R (R Core Team 2013) 
using packages lme4 (Bates et al. 2014) and AICcmodavg (Mazerolle 2013). 
RESULTS
Axis I of the DCA analysis showed a floristic trend associated with time since abandonment (Fig. 22) and 
explained 25.2% of the variability. Four different groups of herbaceous communities were clearly identified, 
coinciding with stages I (crop cultivation), II (early succession), III and IV together (mid succession), and V (late 
succession), respectively. Axis II (16.9% of variability) of the DCA showed some floristic differences among 
sites, possibly associated with their own stories of land use or local variations, which are outside the scope 
of this study. Given this variation independent of time, sites have been further considered as random effect in 
mixed models. 
 Fig. 22 Scatterplot showing the 
distribution of sampled herba-
ceous communities in the two 
first axes obtained in the DCA 
analysis. Different symbols cor-
respond to sampled sites: tri-
angles (Patagua, PA), squares 
(Culenco; CU), circles (El Ála-
mo; EA), and diamonds (San-
ta Dolores; SD). Open symbols 
represent lower zones of the 
slope, while close ones repre-
sent upper zones
The most representative species of the first stages, crops and post-cultivation, were Anagallis arvensis, 
Convolvulus arvensis, Lolium rigidum and Plantago lanceolata (all of them aliens), whereas the most representative 
species of late successional stage were Avena barbata, Bromus hordeaceus, Centaurium cachanlauen, Cicendia 
quadrangularis, Hypochaeris glabra, Leontodon taraxacoides, Piptochaetum montevidense, Plantago firma, 
Tristeum spicatum and Vulpia muralis (half natives, half aliens).
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According to the geographical origin and life-form, both annual and perennial native species clearly 
increased with time since abandonment (Table 10). Among annual species, seven were present in every 
successional stage and 16 (55%) were only present in the two latest successional stages. Among perennial 
species, ten (37%) were found only of the late-successional stage, and 16 (59%) in the two more mature stages. 
In the case of alien species, the number of annuals increased slightly in the mid successional stages, doubling 
the number of native ones (Table 10). Only five perennial alien species were found and these did not show a 
trend to increase with time since abandonment.
Table 10. Number of species classified by life-form within native and alien species along the chronosequence studied: 
crop cultivation (SI), one to three years (SII), four to six (SIII), six to ten years (SIV), and more than forty years since 
cultivation (SV).
SI SII SIII - IV SV Total sampled
Natives
Annuals 9 12 19 25 29
Perennials 3 7 13 21 27
Total per stage 12 19 32 46 56
Aliens
Annuals 29 42 42 36 60
Perennials 4 1 4 1 5
Total per stage 33 43 46 37 65
The best model for each species group considered, except for number of aliens, was the one that included 
only TLOG as fixed effect (Table 11). Best models always had highly significant and positive influence of TLOG 
(p-value < 0.001) on species richness, and were significantly different from the null model. In the case of alien 
richness, the best-fit model was the null model, which only included the random effect SITE. ZONE was not a 
good predictor in any model, therefore herein both slope zones were considered as replicates.
Table 11. Best fit-models for species richness (response variable) classified as natives or aliens and annuals or perennials. 
TLOG corresponds to years (log-transformed) since crop abandonment. Models are adjusted by the Laplace approximation.
Response variable Best model AICc Correlation of fixed effect TLOG
TLOG 
coefficient
p-value 
for fixed 
effect
Variance 
explained
Total richness Richness ~ TLOG + (1|SITE) 50.34 -0.883 0.3895 <0.001 40.2%
Native richness Natives ~ TLOG + (1|SITE) 44.72 -0.807 0.9643 <0.001 69.1%
Aliens richness Aliens ~ 1 + (1|SITE) 43.89 - - - -
Number of annuals Annuals ~ TLOG + (1|SITE) 53.65 -0.880 0.2944 <0.001 24.2%
Number of perennials Perennials ~ TLOG + (1|SITE) 43.08 -0.867 1.0697 <0.001 57.4%
According to the selected models, positive relationships were obtained between time since abandonment 
and total and native richness (r = 0.55, and r = 0.79, respectively), whereas no significant relationships were 
found for alien species richness (Fig. 23). 
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Fig. 23 Relationship between years since 
abandonment (log-scale) and (a) total, (b) native, 
and (c) alien species richness recorded in all sites. 
Adjustments between pairs of variables are shown, 
whether relationships are significant (p ≤ 0.05) or not
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Total herbaceous cover increased with time since cultivation (positive correlation, r = 0.233, p < 0.0001). 
Considering the quadrat unit, correlation between native and alien species richness was negative and 
significant during the crop stage and the first three years since cultivation, became positive after that, and 
not significant in communities with more than 40 years old (Fig. 24a). Relationships between species richness 
and total herbaceous cover had different behavior for native and alien species depending on the time since 
cultivation (Fig. 24b). During the crop stage this relationship was significant in both groups of species but 
positive for natives and negative for aliens. After one to three years since cultivation abandonment only native 
species showed a negative correlation. At intermediate and mature stages of succession species richness of 
both species groups had the same tendency: negative for four-ten years old communities and not significant 
for more than 40 years old communities.
Fig. 24 Correlations between a) native and alien species richness and between b) herbaceous cover and native and alien 
species richness. Only significant relationships (p < 0.05) are shown with lines. Graphs are sorted following the studied 
chronosequence: crop cultivation (S1), one to three years (S2), four to ten years (S3), and more than forty years since 
cultivation (S4)
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DISCUSSION
Patterns of species and life-form along secondary succession
Grazing and anthropogenic disturbances are considered the main factor promoting higher diversity and 
abundance of alien plant species (Jauni et al. 2015). In our study design both types of disturbance are included: 
we analyzed vegetation recovery after an intense disturbance event (e.g. plowing and crop harvest) wherein 
the successional process overlaps with a low intensity but continuous disturbance by grazing. Within this 
framework, and in accordance with classical successional studies, the structure of grassland communities of 
central Chile changes through time, with rapid replacements in species composition at the first stages that 
become slower in later stages (Pineda et al. 1981). The gradual substitution of species with time can result in a clear 
differentiation of plant communities as the successional process advances.
Most studies of long-term succession considering exotic and native species detect a decrease of alien 
species richness along time (Meiners et al. 2002; Tognetti et al. 2010). They also highlight a fall in annual species (or 
at least herbaceous ones), that are replaced by woody species (Meiners et al. 2002; Tognetti et al. 2010; McLane et al. 
2012). However, our results constitute a novelty regarding how richness of native and alien species and life-
form replacement patterns change along succession. Time since cultivation abandonment has a positive effect 
on native species richness, whereas alien species increase after the first year of abandonment and remain stable 
until the end of the chronosequence. In the same way, life-form replacement patterns appear to be closely 
associated to the origin of species; both annual and perennial species increase with succession, being perennials 
almost exclusively represented by natives. These successional trends determine as final result a community 
dominated by herbaceous species where species of different geographic origins and life-forms coexist. In this 
ecosystem woody plants colonization ability is almost null due to the pressure exerted by grazing. This factor 
determines the maintenance of a herbaceous grassland structure and prevents the development of a closed 
canopy of woody plants, responsible for the decline of herbaceous and exotic species detected in other studies 
(Meiners et al. 2002; McLane et al. 2012).
Drivers for structuring plant communities through time
Compared to the above descriptive approach of successional patterns, our results allow analyzing the 
mechanisms responsible for these temporal changes. However, it should be noted that our results are based 
on observational data on which the positive or negative interactions between species have not been evaluated 
directly. Further experimental research on these plant-plant interactions would be desirable to validate some 
of the interpretations drawn here. 
The process of community re-establishment (or community ontogeny sensu Magro et al. 2014) can be 
interpreted in the context of successive biotic and abiotic drivers acting in a different way through time (Armas 
and Pugnaire, 2005; Armas et al. 2013; Jeffers et al. 2015). Many studies have indicated a similar role of native and 
exotic species along secondary succession (Meiners 2007; Tognetti et al. 2010; McLane et al. 2012). However, our results 
indicate that, at least during the early successional stages, the behavior of the species is very dependent on 
their geographical origin (Table 10).
The plowing causes a drastic disturbance that drives colonization responses according to species’ strategy. 
Our results show a negative correlation between alien and native species at local scale in earlier stages of 
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succession (Fig 24). The existence of negative correlations between native and exotic species richness has been 
considered an indicator of competition (Cleland et al. 2004; Bartomeus et al. 2012). However, the fact that alien richness 
exhibits a decline with herbaceous cover whereas native richness increases with it, suggests a segregation of 
niches between both species groups more than an effective competition. In these early successional stages 
the empty niches created by cultivation abandonment are preferentially occupied by alien species (negative 
correlation between alien species richness and total herbaceous cover; Fig 24b). The increase in cover 
associated with this colonization appears to create the appropriate conditions for the arrival of native species 
(positive correlation between native species richness and total herbaceous cover; Fig 24b). The native Chilean 
Mediterranean flora rarely includes adaptations to high intensity disturbances typical in the Mediterranean 
basin, like fire, tillage or long-term grazing regime. In fact, fire events were absent in the Chilean Mediterranean 
region before the Spanish conquest (Aronson et al. 1998; Figueroa et al. 2004) except for some aboriginal fires at a 
small scale (Veblen and Lorenz, 1988). Long-term grazing regimes by herbivores was also absent (Jaksic 1998) until 
the European’s arrival, although there were some camelids (guanaco, llama and alpaca) with probably low 
grazing impact (Aschmann 1991). The drastic landscape anthropic transformation in the last centuries due to 
agricultural practices not only reduced native flora but could also create opportunity windows (Tilman 1997; 
Zobel et al. 2000) for alien invaders. These species take advantage of post-agricultural grasslands, successfully 
colonizing empty niches at the beginning of community ontogeny (which agrees with Cramer et al. 2008; Baer et 
al. 2009; Tognetti and Chaneton, 2012; Jauni et al. 2015). The idea of eco-evolutionary experience proposed by Saul et 
al. (2013) states that alien invaders have been adapted to disturbances caused by agricultural practices in their 
area of origin for several centuries (Prinzing et al. 2002), while Chilean native species might not be pre-adapted to 
changes in their environmental conditions (Sher and Hyatt 1999). The species that arrived to the Mediterranean-
climate region of Chile belong mainly to two types of donor plant communities: ruderals (those associated 
with anthropic disturbed sites which generally comprise nutrient-demanding annual species), and annual 
crop weeds associated to arable lands (Casado et al. 2015). Both alien ruderal and weeds species are the most 
representative plants found in early-successional communities, proficient in colonizing novel niches provided 
after an anthropic disturbance (Catford et al. 2009). After this first colonization phase, and as the herbaceous 
cover increases, there is a change in species composition as well as a readjustment of the role of native and 
alien species. Correlation between both species groups becomes positive, which agrees with Compagnoni 
and Halpern (2009), indicating that similar factors are determining the diversity of both types of species 
(Levine and D’Antonio 1999). Native species increase in number despite the fact that previous studies suggested 
that alien species are generally competitively superior (D’Antonio and Mahall 1991; Fogarty and Facelli 1999), or are 
able to aggressively displace previously established species (Young et al. 2001). This result suggests that alien 
invaders do not inhibit the establishment of native species, which is in accordance to the idea that competition 
is not important in transcontinental naturalization of alien species in Chile (Martín-Forés et al. 2015) and to the 
‘‘passenger’’ model proposed by Macdougall and Turkington (2005). Continued grazing is one of the factors 
that may be attenuating interspecific competition (Graff et al. 2007; Jauni et al. 2015), favoring an increase in the 
number of native species, as has already been highlighted in the Mediterranean grasslands of Chile (del Pozo et 
al. 2006).
Finally, when considering mature grasslands (more than 40 years since cultivation abandonment) the 
relationship between native and invasive alien species becomes non-significant, indicating that native and alien 
plants are assembled together comprising an entire balanced community. 
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As a consequence of the high percentage of aliens together with the rich Chilean native flora observed in 
mature grasslands of the studied area, two important questions arise: would invasive species spread or even 
transform the conditions of the ecosystem without causing biodiversity loss? Could they even constitute an 
advantage for native plant species? In this sense, although the importance of alien species decreases slightly 
and natives predominate within this herbaceous community, it seems to be a ‘pacific coexistence’ between 
both groups of species. This coexistence may be favored by the different response of native and alien species 
to the continued grazing. Most of the alien species base their persistence in high reproductive capacity against 
livestock consumption (e.g. A. barbata, B. hordeaceous, L. taraxacoides or V. muralis; see Table 4 in de Miguel 
et al. 2010). By contrast, native species have small size (e.g. C. quadrangularis, P. firma) or low palatably (e.g. P. 
montevidensis, C. cachanlauen), traits that are associated to a defensive strategy to grazing (de Miguel et al. 2010).
In summary, contrary to recent studies (Kulmatiski 2006; Vilà et al. 2011; Tognetti and Chaneton 2012) stating that 
alien species which got established in early successional stages impeded the re-establishment of native ones, 
our results show no apparent competition between alien invaders and Chilean native species along community 
ontogeny associated to secondary succession. During this ontogenic process, alien and native species seem to 
play a complementary role. In a first phase, ruderal and weedy crop alien species are capable of successfully 
established under the disturbed post-agricultural conditions for which native species are not adapted. In a 
second phase the community is made up of native and exotic species, although such coexistence is based 
on two differentiated strategies: grazing-tolerant species (mainly alien species) or grazing-defensive species 
(mainly native species). Consequently, community ontogeny along succession seems to constitute a net gain 
of natives after disturbance, compatible with the maintenance of a general alien pool, allowing the ‘pacific 
coexistence’ of both of them, therefore disassembling the myth of the damage caused by the invasive enemy. 
Further research would be desirable to specifically assess whether aliens may facilitate the establishment of 
natives by modifying and ameliorating these harsh physical conditions after disturbances or not.
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INTRODUCTION
A large number of plant species from the Mediterranean Basin were accidentally introduced in Chile and 
became naturalized in the Mediterranean region (Martín-Forés et al. 2012) associated with the Spanish conquest 
and the human breakdown of biogeographic barriers to dispersal (D’Antonio and Vitousek 1992). Some of these 
species are currently distributed over a wide range of the Chilean Mediterranean climate region. These exotic 
species encounter new abiotic and biotic conditions including drought period, habitat characteristics, latitude, 
photoperiod, land use patterns, livestock grazing, and community interactions (such as facilitation and 
competition processes). Despite the short history of these introduced species in Chile (probably no more than 
450 years), they might have faced a process of genetic and phenotypic differentiation, which allowed them to 
adapt to the new conditions (Maron et al. 2004, 2007) and consequently developed new ecotypes, different from 
those in Spain. 
It is known that ecotypic variations may occur very quickly in annual Mediterranean species (Cocks et al. 1982; 
Small and Lefkovich 1986; del Pozo et al 2000), when diasporas have been transported beyond the initial distribution 
center. For example, ecotypic differentiation has been observed in leguminous species related to climatic factors, 
such as days to flowering and seed hardness in various annual species in Syria (Ehrman and Cocks 1990, 1996), days 
to flowering in subterranean clover collected in Sardinia (Piano et al. 1996), days to flowering and winter growth 
of Medicago polymorpha in Chile (del Pozo et al. 2000, 2002a, b), or aerial growth of M. polymorpha in Sardinia (Loi 
et al. 1993). Also, in non-leguminous annual species ecotypic adaptations to environmental gradients have been 
described (Fox 1989; 1990; Neuffer 1990; Galen et al. 1991; Aronson et al. 1992; 1993). 
Phenotypic plasticity is another mechanism by which plant species can cope with environmental variability 
(Baker 1965; Valladares et al. 2005; Rejmánek et al. 2005; Richards et al. 2006; Pyšek and Richardson 2007). For instance, in 
the invasive Asteraceae, Taraxacum officinale, both plasticity and ecotypic adaptation for various traits have 
been found in relation to latitudinal (Molina-Montenegro and Naya 2012) or altitudinal (Molina-Montenegro et al. 2012) 
distribution. Plasticity is not always adaptive or improves plant performance (Molina-Montenegro et al. 2010), and 
could occur simultaneously with ecotypic differentiation (Molina-Montenegro et al. 2013). According to McDowell 
(2002) and Funk (2008) plasticity of invasive species is higher than that of non-invasive and co-occurring 
native ones. However, further knowledge about the role that plasticity plays (Chambel et al. 2005), especially in 
plant species with an invasive ability is still scarce. 
Among the 548 exotic herbaceous species described in central Chile, the best represented families at 
country scale are Poaceae (20% of species), Asteraceae (14%) and Fabaceae (10%) (Martín-Forés et al. 2012). Two 
representatives of the Asteraceae family, Leontodon taraxacoides (Vill.) Mérat. subsp. longirostris Finch and 
P.D. Sell (synonym: Leontodon saxatilis Lam. subsp. rothii Maire) and Hypochaeris glabra L., and one Fabaceae, 
Trifolium glomeratum L., are widely distributed in both Spain (the source area) and Chile (the recipient area) 
(Casado et al. 2015). In this study we evaluate differences in adaptive traits (i.e. plant survival and development, 
biomass and seed production) of the three species collected from different populations of Spain and Chile and 
cultivated in common garden (CG) conditions in both countries.
The main aim of this study is to detect which adaptive mechanism –plasticity or ecotypic adaptation– 
predominates in the colonization process of the three selected species. On the one hand, whether the development 
of a given population varies under different environmental conditions (i.e. between CG emplacement), 
phenotypic plasticity will be occurring; specifically, we hypothesize that the species development will be faster 
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in the CG with longer drought period and day length. One the other hand, whether plant development under 
the same environmental conditions (i.e. each CG) varies among different populations, ecotypic adaptation will 
be occurring; specifically, we predict i) that related to longer residence time of the species, Spanish populations 
will show higher ecotypic differentiation than Chilean ones, and ii) that related to differences in environmental 
conditions among collection sites, a delay in plant development will occur in those populations coming from 
places with higher annual precipitation. 
MATERIAL AND METhODS
Study area
The study was conducted in the Mediterranean regions of Central Chile and Spain. In Chile, samples were 
collected in the espinal ecosystem, across an extensive area between 32°31’ to 37°00’ S and 70°46’ to 72°34’ 
W (~600 km long from North to South), with mean annual precipitation ranging between 300-1200 mm. In 
Spain, the study was conducted in the dehesa ecosystem located in the center-west of the Iberian Peninsula 
(Extremadura, N Andalusia and W Castilla-La Mancha), from 37°51’ to 40°14’ N and from 4°23’ to 7°02’ W, 
and with mean annual precipitation ranging between 400-1100 mm (Fig. 25). Soils in both regions are slightly 
acidic, derived from igneous or metamorphic rocks and the topography is hilly. In both countries, the land has 
been used for extensive livestock grazing, especially sheep and cattle.
Fig. 25 Map of the studied areas of Mediterranean grasslands in Spain and Chile. Sampling sites of Spain (S) and Chile (Ch) 
are sorted according to the rainfall gradient. Color tones represent rainfall variability in each country
The dehesa contains scattered trees of holm oak (Quercus ilex subsp. ballota) or cork oak (Quercus 
suber) within a herbaceous layer comprising mainly winter annuals (Joffre et al. 1999; Gea-Izquierdo et al. 2010). 
It is characterized by very high plant species richness (Pineda and Montalvo 1995). Its vegetation is adapted to a 
Mediterranean-type climate, characterized by scarce precipitation in summer (drought period from June to 
September in the Northern hemisphere). 
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The espinal in central Chile’s Mediterranean zone is a similar system to the Spanish dehesa regarding 
organization and structure. It presents a savannah-like landscape with scattered trees of espino (Acacia 
caven). Its herbaceous layer is composed by annuals, both native and exotic species, mainly originated in the 
Mediterranean Basin (Ovalle et al. 1990; Ovalle et al. 2006; del Pozo et al. 2006). The percentage of exotic species it 
contains is very high (49% according to Martín-Forés et al. (2012)). This high proportion of exotic species in 
Chile can be explained by its history of land use and disturbance associated with the transformation of the 
original landscape after the Spanish colonization in the 16th century (Aronson et al. 1998; Arroyo et al. 2000; Figueroa 
et al. 2004). 
Plant material and growing conditions
The three species of study were selected considering the following criteria: they must be 1) species 
originated in the Mediterranean Basin, 2) typical from grasslands, and 3) abundant enough to present a wide 
spatial distribution in both countries in order to incorporate climatic variation within them. Those species were 
Leontodon taraxacoides, Hypochaeris glabra and Trifolium glomeratum, all of them native to Spain although 
widely naturalized in Chile. Seeds of these three species were collected in both Mediterranean regions in 
the spring of 2010, at the end of flowering periods for most plants (i.e. May-June in Spain, and October-
November in Chile). When existing, we collected mature infructescences from 50 individuals from 15 Spanish 
populations, and 15 Chilean ones covering a broad rainfall gradient within the Mediterranean region of each 
country. From the previous 15 populations, a subgroup of five sites was selected in each country. Selected sites 
were meant to be representative of the whole rainfall gradient and, if possible, the three studied species were 
contained in each of them. In the driest Chilean sites, H. glabra and T. glomeratum were not found together in 
the same site; therefore sites with similar annual precipitation were selected for each species. L. taraxacoides was 
not found in the driest Chilean sites and therefore it was only collected from four Chilean source populations. 
Geographic coordinates and climate conditions, including annual precipitation, mean annual temperature, 
and number of months with drought period or water deficit per year, calculated as the number of months 
in which mean temperature is at least double than precipitation (Bagnouls and Gaussen 1953), were determined 
at each site (Table 12). For Spain, climate variables were obtained from the State Meteorological Agency 
(AEMET, http://www.aemet.es) and the Atlas Climático Digital de la Península Ibérica (Ninyerola et al. 2005). In Chile, 
climate data were obtained from WorldClim (Hijmans et al. 2005), at a resolution of 30 arc-seconds.
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Table 12. Geographic and climatic characteristics of the selected populations. TMED is mean annual temperature; PREC 
is annual precipitation, and MWD the number of months with drought period or water deficit per year.
Country 
of location
Site
Species 
collected
Abbreviation Latitude Longitude
TMED 
(ºC)
PREC 
(mm)
MWD
ChILE
Runge Tg Ch1 33°00’25”S 70°53’45”W 14.27 303 8
Catapilco Hg Ch1 32°35’53”S 71°18’50”W 16.19 352 8
Melipilla Tg, Hg Ch2 33°49’18”S 71°18’58”W 17 412 8
Pumanque Lt Ch2 34°37’48”S 71°42’54”W 15.01 719 5
Boldo Tg, Hg, Lt Ch3 35°58’52”S 72°13’38”W 14.33 794 5
Quirihue Tg, Hg, Lt Ch4 36°15’20”S 72°32’58”W 13.14 972 5
Yumbel Tg, Hg, Lt Ch5 37°00’26”S 72°34’01”W 13.33 1168 4
SPAIN
Castuera Tg, Hg, Lt S1 38°46’20”N 5°34’48”W 16.89 468 4
Fuente de Canto Tg, Hg, Lt S2 38°16’33”N 6°20’22”W 15.81 572 4
Madroñera Tg, Hg, Lt S3 39°25’23”N 5°47’48”W 15.42 666 4
Ibor Tg, Hg, Lt S4 39°32’53”N 5°22’57”W 14.46 859 4
Logrosán Tg, Hg, Lt S5 39°21’28”N 5°25’04”W 16.17 913 3
Contaminants associated with collected seed capsules were removed in the lab to obtain clean seeds 
of the three species. Pre-germination experiments employing seeds from 29 populations (three species x 
five collection sites x 2 countries, except for the driest Chilean location in the case of L. taraxacoides) were 
conducted in Chile (December 2010, and April 2011) and in Spain (September and October 2011). In the case 
of L. taraxacoides and H. glabra, the survival rates obtained were 75% and 100% in each country, respectively. 
For T. glomeratum, the seeds with the highest survival rate were those previously scarified with sulphuric acid 
98% for 30 minutes. In the case of H. glabra L. and L. taraxacoides, species with two morphologically distinct 
achenes, unbeaked achenes and peripheral achenes without a pappus were respectively selected for being 
more successful in pre-germination studies (also supported by Imbert 1999, 2002; and Brändel 2007). 
Seeds from each collection site were pre-germinated in petri dishes onto filter paper and irrigated with 
distilled water. They were kept in germination cameras at constant controlled temperature and photoperiod, 
being 18ºC, and 16/8h light/darkness respectively. From each site of source population and for each species 
three replicates were always considered for the subsequent CGs. In the Chilean CG, when the plant radicle 
reached five mm, individuals from each site and replicate were transplanted directly to risebeds at the 
Experimental Center of Cauquenes-INIA (35°58’ S, 72°17’ W; 140 m a.s.l.) on the 1st of June of 2012. In the 
Spanish CG, seedlings were planted in trays filled with a mixture containing 75% of soil and 25% of vermiculite 
and placed in a germination camera for 11 days. Then, seedlings were transplanted to the field at the Faculty 
of Agronomy of the Polytechnic University of Madrid (40º26’N, 3º44’W; 600 m a.s.l.) on the 24th of October 
of 2012. Growing medium containing seedlings of T. glomeratum was inoculated with Rhizobium trifolii before 
transplanting into field CG in Chile and Spain. 
For each CG emplacement, weekly values of precipitation and daily values of mean temperature were 
calculated (shown in climatic diagrams in Fig. 26). Those where obtained from a metereological station 
located nearby the experiments. Source population sites and replicates were randomly assigned to microplots 
within each CG, getting a total of 87 microplots (3 replicates x 3 species x 5 sites (except the Chilean driest in 
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L. taraxacoides) x 2 countries). Each microplot occupied an area of 50x100 cm in Cauquenes and 50x200 cm 
in Madrid. In Chile, ten individuals were planted in each microplot, resulting in a total of 870 plants, whereas 
in Spain, 20 individuals were considered, 1,740 plants as a whole. Individuals were separated 20 cm between 
them, whereas the separation between microplots was 30 cm.
Fig. 26 Kaplan-Meier survival curves of the three studied speciesin both common garden emplacements. Daily 
medium temperature values (ºC) are shown with a continuous red line, while precipitation (mm/week) is represented 
by blue bars
Data collection
Phenological observations were made three times a week from sowing (S) to flowering and every two days 
from flowering to plant senescence. The dates when each individual got the first leaf (L), the first floral bud 
(FL), the first opened flower (FO), the first fruit (FR), and the first mature infructescence (M) were recorded. 
The date when plant senescence from each species and site was about 50% was also recorded.
Once the individuals reached senescence, plants were harvested. Dried weights of each individual as a 
measure of above-ground biomass were recorded. Number of inflorescences seed output contained in five 
infructescences were counted and mean seed output per infructescence was calculated
Data analyses 
To check significant differences in survival rates associated with climatic conditions of both CG emplacements, 
Kaplan-Meier (KM) tests were conducted for the three species in the environmental conditions of each CG. 
Also, to evaluate whether phenotypic plasticity or ecotypic differentiation determined significant differences 
in survival rates, several KM tests were conducted. For each species, KM tests were performed, first for all 
populations (Chilean and Spanish) in each CG (Cauquenes and Madrid), then separated by population origin 
(Chile and Spain), and finally for each collection site.
Five phenological phases were calculated: days from sowing to first leaf (S-L), from first leaf to first 
floral bud (L-FL), from first bud to first opened flower or inflorescence (FL-FO), first opened flower to first 
infructescence (FO-FR), and from fructification to maturation (FR-M). Bar diagrams with all phenological 
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phases were then made to assess if phenotypic plasticity and/or ecotypic differentiation were occurring during 
the plant phenological development.
Regression tests between precipitation in the collection site and days from sowing to 1) flowering, 2) 
fructification, and 3) maturation were also carried out, as well as between days to flowering and 1) dry biomass 
weight, 2) number of inflorescences, and 3) medium seed output per infructescence. Regression tests were 
conducted considering mean values of each replicate and for each country of origin separately, and in case of 
L. taraxacoides, also separately for each CG emplacement. Data analyses were carried out in SPSS 22.0 (IBM 
2013).
 RESULTS
Climatic conditions of the two Mediterranean regions are different, being rainfall gradient broader and 
number of months with water deficit higher in Chile than in Spain (Table 12). The cumulative survivals, 
expressed by the KM curves, of the three species were clearly different at both CGs (Fig. 26). In Madrid CG, 
H. glabra and T. glomeratum, and to a lesser extent L. taraxacoides, showed an abrupt mortality after 100 
days from transplanting, whereas at Cauquenes CG the cumulative survival was 90% until the end of the 
experiment. The survival of the three species in Madrid was significantly lower than in Cauquenes (Fig. 27). 
The percentage of individuals of the three species that reached maturation also differed significantly between 
country of origin and among collection sites (Fig. 27); among populations, significant differences were found 
in all cases except for L. taraxacoides and H. glabra from Spanish and Chilean origin, respectively. Trends in the 
survival percentage at the end of growing season responded to the rainfall gradient for Spanish populations, 
while among Chilean ones no apparent pattern appeared (Fig. 27). Agreeing with the KM curves showed in 
Fig. 26, in all the species, the percentage of plants that reached maturity was much lower in Madrid than in 
Cauquenes CG, no matter the origin of plant populations (Fig. 27). 
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Fig. 27 Tree diagrams for Leontodon taraxacoides, Hypochaeris glabra, and Trifolium glomeratum showing significant 
differences in survival curves. Each diagram represents the comparison of Kaplan-Meyer curves considering common 
garden emplacement (first level: Cauquenes vs Madrid), country of origin (second level: Chile vs Spain), and site of the 
populations (third level: nomenclature as in Table 12). For each site the percentage of survival is shown and the lowercase 
letters indicate similar groups among sites
Due to the high mortality of H. glabra and T. glomeratum in Madrid CG, the duration of the different 
development phases at both CGs was only possible to compare for L. taraxacoides. For this species, days to 
fructification (S-FR) and maturation (S-M) for all populations was much longer in Madrid than in Cauquenes, 
due principally to the longer duration of the period from sowing to flowering (S-FL) (Fig. 28). Differences 
in phenology among populations were observed in the three species; in general, populations from wetter 
environments exhibited longer periods to flowering compared to those from drier environments (Fig. 28). 
This pattern was particularly evident for T. glomeratum from any origin and H. glabra from Spain, where 
differences in days to flowering between the most precocious population (from the driest site) and the latest 
flowering one (from a humid area) was 27 days. Significant and positive correlations were found between 
annual precipitation at the collection site and days to flowering, fructification or maturity in populations of H. 
glabra from Spain and of T. glomeratum from Chile and Spain (Fig. 29, Table 13).
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Fig. 28 Phenological development of the three studied species: L. taraxacoides, H. glabra, and T. glomeratum considering 
days since sowing. Site of seed collection, whether Chilean populations (Ch), or Spanish ones (S) follow a rainfall gradient 
(from 1, the driest, to 5, the most humid). The common garden emplacement where seed were planted is represented by 
C (Cauquenes) or M (Madrid). Phenological phases comprise: from sowing to first leaf appearing (S-L), from first leaf to 
first flower bud (L-FL), form first flower to flower opening (FL-FO), from first opened flower to first fruit (FO-FR), and 
finally, from first fruit to first mature fruit (FR-M) 
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Fig. 29 Relationships between days from sowing to flowering (S-FL), to fructification (S-FR) and to maturation (S-M) 
and annual precipitation (mm) for the three species. Orange triangles represent Chilean populations, while purple circles 
represent Spanish ones. Close symbols are used for the common garden established in Cauquenes and open ones for 
the one in Madrid. Significant relationships are shown by discontinuous (Chilean populations) or continuous (Spanish 
populations) lines
Table 13. Correlation coefficients and p-values (in brackets) for the relationships between precipitation and some 
phenological phases (S-FL: days to flowering; S-FR: days to fructification; S-M days to maturation) and between days to 
flowering and some performance indicators. Species populations are differentiated by country of origin (Chile and Spain) 
and emplacement of the common garden (C: Cauquenes; M: Madrid). Significant values are highlighted in bold.
Regression between precipita-
tion and
Regression between days from sowing to 
flowering and
Origin Species CG S-fL S-fR S-M Biomass
Inflorescences/
plant
Seeds/infructes-
cence
Chile
L. taraxacoides C -0. 10 (0.758) -0.34 (0.273) -0.30 (0.347) 0.26 (0.413) -0.21 (0.521) 0.42 (0.178)
M - -0.40 (0.193) -0.40 (0.201) - - -
H. glabra C 0.07 (0.809) -0.07 (0.814) 0.18 (0.506) 0.01 (0.966) -0.16 (0.567) 0.40 (0.144)
T. glomeratum C 0.81 (0.000) 0.76 (0.001) 0.72 (0.003) 0.58 (0.023) 0.58 (0.024) -0.246 (0.377)
Spain
L. taraxacoides C 0.22 (0.601) 0.33 (0.420) 0.39 (0.344) -0.57(0.141) -0.42 (0.305) 0.02 (0.967)
M 0.49 (0.075) 0.47 (0.091) 0.58 (0.029) -0.48 (0.083) -0.49 (0.076) -0.68 (0.007)
H. glabra C 0.99 (0.000) 0.81 (0.005) 0.87 (0.001) -0.32 (0.373) -0.77 (0.009) 0.77 (0.009)
T. glomeratum C 0.51 (0.051) 0.75 (0.001) 0.76 (0.001) 0.25 (0.371) 0.19 (0.499) -0.03 (0.923)
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Regarding plant productivity, L. taraxacoides did not show any positive significant relationships with days to 
flowering (Fig. 29). By contrast, in T. glomeratum, both plant biomass and number of inflorescences produced 
per plant were positively correlated with it. In the case of Spanish populations of H. glabra the number of 
capitula per plant decreased and the number of seeds per capitula increased with days to flowering (Fig. 30, 
Table 13). 
Fig. 30 Relationships between days to flowering (S-FL) and performance indicators –plant biomass, number of 
infructescences, and medium seed output per infructescence– for the three species. Orange triangles represent seeds 
from Chilean populations, while purple circles represent seeds from Spanish ones. Close symbols are used for the 
common garden emplaced in Cauquenes and open symbols for the one in Madrid. Significant relationships are shown by 
discontinuous (Chilean populations) or continuous (Spanish populations) lines
DISCUSSION
The results obtained show great variability in adaptive mechanisms –plasticity or ecotypic adaptation– for 
the populations of the three studied species. Nevertheless, the relative importance of each mechanism depends 
on the species or family considered and/or the variable of analysis: survival rate, phenological development 
or performance values.
The three species show significant differences in survival rates between the two CGs. Although both CGs 
have a Mediterranean-type climate, the climatic determinants at regional scale are quite different. In Madrid, 
temperatures in winter are lower than in Cauquenes, and precipitation is mainly distributed in autumn and 
spring (Font Tullot 2000), whereas in Cauquenes precipitation occurs mostly in winter months (Aschmann 1973). In 
addition, during the year of the experiments, the precipitation in Madrid was anomalously scarce (205 days 
with no rainfall; whereas in Cauquenes there was no rainfall for 125 days) and the temperatures were lower 
than average (61 days with minimum temperatures below 0°C; only 34 days in Cauquenes) (Fig. 26). These 
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extreme conditions could explain the high plant mortality observed in Madrid in January, especially in the case 
of Trifolium and Hypochaeris. However, differences in survival between both CGs also indicate a high degree of 
plasticity, especially in Leontodon, with capacity to survive even in extreme conditions regardless of the origin 
of the population. The higher plant survival obtained in populations of Chilean origin and individuals grown 
in the exotic range, compared to Spanish populations and individuals grown in the native range, respectively, 
could be related not only to climatic conditions, but also to the ‘invasive ability’ which seems to appear 
enhanced in the exotic range of the species (Kumschick et al. 2013). 
L. taraxacoides populations growing in both CGs show a delay in time to flowering of more than 70 days 
in Madrid compared to those growing in Cauquenes. It is known that higher temperatures (Bradley et al. 1999) 
and longer day length accelerates plant development in temperate species (Molina-Montenegro and Naya 2012). 
Differences in day length and night length become more extreme at higher latitudes (Bradshaw and Holzapfel 2008), 
thus, in Madrid the day length or photoperiod is shorter in autumn and winter, but longer in spring and summer 
than in Cauquenes. These differences in temperature and photoperiod together with the duration of the rainy 
season makes the drought period lower in Spain than in Chile, allowing the lengthening of the growing season. 
These results indicate that in L. taraxacoides phenological plasticity is greater than the ecotypic differentiation 
observed among Chilean and Spanish populations.
Ecotypic differentiation seems to be related with the family of the species, as well as with the source 
population where seed originated. For the Fabaceae T. glomeratum our results show significant relationships 
between precipitation at the collection site and time to flowering, fructification and senescence, no matter 
the country of origin of plant populations. It also has a positive relationship between days to flowering and 
biomass, and fruit production but only from Chilean origin populations. This delay in plant development when 
increased precipitation gives plants more time to invest on biomass production, which confers the ability of 
yielding more seeds and fruits. Then, it constitutes an indicator of ecotypic adaptation to the environmental 
conditions where seeds were originated. Similar results were reported by del Pozo et al. (2000, 2002a, b) 
in another Fabaceae, Medicago polymorpha. However, results for Asteraceae were different, showing only 
ecotypic adaptation in plants of H. glabra coming from seeds originated in their native range, but not in those 
collected in the exotic one (agreeing with Barret and Richardson 1986; Niinemets et al. 2003; and Buswell et al. 2011). 
Contrarily, populations of L. taraxacoides showed greater plasticity and lower ecotypic differentiation (i. e. 
similar times of development independently of the rainfall at the collection sites). Consequently, it seems that 
different families of plants have different mechanisms of adaption to new environments. Fabaceae, a family 
with zoochorial dispersion, may need to be more adapted to local conditions of the area of origin and due to 
its dispersion range, they may have had enough time to develop ecotypic adaptations; Some Asteraceae, such 
as H. glabra and L. taraxacoides, have achene dimorphism (Baker and O’Dowd 1982; Brändel 2007), hence not only 
zoochorial dispersion but also long distance dispersal events by wind –anemochory–, can reach further areas 
and in this case plasticity could be the most successful mechanism of adaptation. 
Additionally, as we expected, seeds from Spanish origin showed more ecotypic differentiation while 
phenotypic plasticity appeared higher in seeds originated in Chile (in accordance to Alexander et al. 2012). Studied 
species have evolved in their native range for millennia, while in their introduced range they have only been 
present for the last centuries, so Spanish populations have had more chances to develop ecotypic and genetic 
adaptations. On the contrary, although multiple introduction events are common in plants (Dlugosch and Parker 
2008) exotic plants established in Chile came from one or a few sites of the Mediterranean Basin, and therefore 
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with low genetic diversity. Once they arrived to Chile they spread and became adapted to the whole Chilean 
climatic gradient, at that time they probably had great plasticity to successfully survive to the new conditions. 
The fact that species show ecotypic adaptation and/or phenotypic plasticity to face the new environmental 
conditions could also be related to time since introduction in central Chile. M. polymorpha and T. glomeratum 
were first recorded before 1799 and in 1897, respectively (Castro et al. 2005), so they developed in their invaded 
range for several decades, possibly enough time to develop ecotypic adaptation. In contrast, L. taraxacoides, 
which shows great plasticity, was first recorded in 1963, thus, it has had short time to develop further strategies. 
Following the same criteria, H. glabra from Chilean populations should also have shown ecotypic adaptations 
because it was first recorded in 1856 (Castro et al. 2005).
Our results suggest that phenotypic plasticity may provide more adaptive skills to successfully adapt to 
changing environmental conditions (support in results by Geng et al. 2007 and Gratani 2014), as well as to invade 
new environments. Invasion experience by potential invaders could be associated with increased phenotypic 
plasticity (related to Dostál et al. 2012); L. taraxacoides, the species which most effectively survived in our 
experiment and therefore showing great plasticity, is the most frequent exotic species in central Chile (Martín-
Forés et al. 2012), and is widely distributed due to its invasive character (Martín-Forés et al. 2015) sensu Richardson (2000). 
Such a great plasticity increments the potential of this species to spread in a global changing scenario. Hence, 
future research including both, ecotypic differentiation but mainly phenotypic plasticity (assessing the species 
traits that may confer them plasticity and therefore the ability to easily invade new ecosystems) would be 
desirable especially in relation to global change (Guerin et al. 2014) and conservation strategies.
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Chapter 7 Invasive ability
“He who would learn to fly one day must first learn to stand and walk and run and climb and dance; one 
cannot fly into flying”
Friedrich Nietzsche
“I always wonder why birds stay in the same place when they can fly anywhere on the Earth. Then I ask 
myself the same question”
Harun Yahya
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
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INTRODUCTION
Colonization of new areas by exotic plants has incremented due to the human overcoming of geographic 
barriers to species dispersal (D’Antonio and Vitousek 1992), constituting a mayor concern in the current global 
change scenario (Guerin et al. 2014). 
Colonization ability of those alien plants depends on the habitat characteristics of the recipient area (e.g. 
the fluctuating resource availability theory; Davis et al. 2000), as well as on specific traits of the species considered 
(Pyšek et al. 2009). The first aspect has received considerable attention in the scientific literature (Hejda et al. 2009; 
Jansen et al. 2011; Kalusová et al. 2013) highlighting that the habitats more prone to be invaded are those more 
productive or altered (Chytrý et al. 2008; Jansen et al. 2011) normally related with human-made habitats, such as 
ruderal vegetation and arable land (Lambdon et al. 2008). However, the role played by species traits in the invasion 
process is still poorly known, due to the lack of relevant information for many invasive plant species (Richardson 
and Pyšek 2006), and especially to the absence of studies that compare species’ traits in their native and invaded 
territories (van Kleunen et al. 2010a). Nevertheless, some plant traits such as a high rate of growth, a production of 
numerous small-sized seeds, and plant mechanisms to disperse are tightly correlated with species’ invasiveness 
(Noble 1989; Thompson et al. 1995; Pyšek and Richardson 2007; van Kleunen et al. 2010b).
Plants to successfully arrive, survive, establish, persist and spread in the new environments relay mainly 
in two strategies, enhancing seed output per plant and achieving long-distance dispersal of seeds (Keddy and 
Weiher 1999; Rejmánek et al. 2013). Seed output per plant depends on total biomass and the fraction allocated to 
reproduction (Abrahamson and Gadgil 1973; Amir and Cohen 1990); thus, vegetative and/or reproductive effort can 
be enhanced in individuals with higher biomass. For its part, effective dispersal increases the probability of a 
propagule arriving to a new environment to colonize. Seed dispersal mechanisms are inherent of each species 
and depend on its functional traits (Mossman 2009), thus, the dispersal syndrome of a plant can be inferred from 
the morphology of its diaspores (Tiffney 1984). In this sense, seed and fruit polymorphism are mechanisms used 
by plants to face different microhabitats and environmental conditions (Imbert et al. 1996; Imbert 2002), allowing 
the colonization of highly unpredictable habitats (Harper 1977; Cohen and Levin 1991). 
Asteraceae is one of the plant families best represented worldwide by the large number of invasive alien 
species it contains (Pyšek 1998). Many species within this family present achene dimorphism (i.e. heterocarpy; 
Harper 1977), thus they produce two achene types, normally occupying a different location within the capitulum 
(the periphery or the center), and with different morphology, germination requirements or dispersal ability 
(Venable 1985; Sorensen 1978). Central ones are generally smaller, lighter and present pappus, beak or appendage 
structures that allow anemochorous dispersal, whereas peripheral ones are larger, heavier and lack of specific 
dispersal structures (Kigel 1992; Imbert 2002) but often include modifications that make them suitable to suffer 
passive-zoochory (Sorensen 1978) or hydrochory (Kigel 1992) dispersion. Thus, although usually considered 
anemochorous, these species can also be dispersed by other agents (polydispersal syndrome sensu Mossman 2009), 
combining different strategies to spread and reach new areas (Venable and Lawlor 1980). Therefore, polydispersal 
syndrome entails a wider range of environmental conditions under which these species can successfully 
germinate and establish (Harper 1977; Flint and Palmblad 1978; Imbert et al. 1997).
A large proportion of alien species originated in the Mediterranean Basin were introduced in Chile 
associated to the Spanish conquest of Latin America and became naturalized in the Mediterranean region 
of this country (Martín-Forés et al. 2012). Asteraceae is one of the best represented families at country scale 
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(13.9%) among the exotic herbaceous species described in central Chile (Martín-Forés et al. 2012). One of them is 
Leontodon taraxacoides (Vill.) Mérat. subsp. longirostris Finch & P.D. Sell (synonym: Leontodon saxatilis Lam. 
subsp. rothii Maire), common in Spain (its native range) although widely naturalized in Chile (the exotic range), 
as well as in other Mediterranean region as California (DiTomaso and Healy 2007) and Australia (Groves et al. 2003). L. 
taraxacoides constitutes the ideal candidate for this study because of its wide distribution range and because it 
produces two morphologically distinct achenes, dark brown heavy achenes without a pappus lying in one row 
at the edge of the capitulum and enclosed in the involucral bracts (peripheral achenes) and light brown inner 
ones with a pappus (central achenes). 
The main aim of this study is to analyze differences in seed output per plant and achene dimorphism pattern 
associated to the colonization strategy of L. taraxacoides grown in common garden conditions in its Spanish 
source and Chilean recipient areas. To that end, we assess whether reproductive and dispersal-related traits 
vary depending on the common garden emplacement and the origin of the source population (country of 
origin) or precise collection site. Specifically, we hypothesize that the seed output and the central/peripheral 
ratio of achenes per capitulum will be higher for individuals from Chilean origin and individuals grown in 
the exotic range than for those coming from Spain and grown in the native range, respectively, to enhance 
anemochorous dispersion, which constitutes the main strategy to efficiently spread. 
MATERIAL AND METhODS
Study area
The study was conducted in Mediterranean grasslands of Chile and Spain. In Chile, populations of L. 
taraxacoides were collected in the central region of Chile (from 32°31’ to 37°00’ S and 70°46’ to 72°34’ 
W), with mean annual precipitation ranging between 300-1200 mm. In Spain, the studied populations were 
collected in the center-west of the Iberian Peninsula (from 37°51’ to 40°14’ N and from 4°23’ to 7°02’ W), 
with mean annual precipitation ranging between 400-1100 mm (Fig. 31). Both regions are similar in terms 
of lithology (acid substrate, derived from igneous or metamorphic rocks), plant physiognomy (the structure 
consists on a continuous herbaceous layer with scattered trees), and land use (mainly extensive livestock 
grazing by sheep and cattle). Almost half (49%) of the species present in the Mediterranean Chilean grasslands 
are exotics originated mainly in the Mediterranean Basin (Martín-Forés et al. 2012), and fundamentally from 
the Iberian Peninsula (Groves 1986). These similarities can be explained by the climate and the historical-cultural 
context shared by Chile and Spain (Aronson et al. 1998; Arroyo et al. 2000; Figueroa et al. 2004). 
Plant material and growing conditions
We selected L. taraxacoides for being a species typical from grasslands, originated in the Mediterranean 
Basin, and widely distributed along the Mediterranean type climates in both the source (Spain) and recipient 
(Chile) area. Selected sampling sites were representative of the whole rainfall gradient existing in each study 
area. Five sites were considered in Spain, and four in Chile (L. taraxacoides was not found in the driest Chilean 
site) (Fig. 31; Table 14). In spring of 2010 (May and June in Spanish sites, and October and November in 
Chilean ones) we collected mature capitula from 50 individuals of this species in each sampled site. Geographic 
coordinates and climate conditions, including annual precipitation, mean annual temperature, and the number 
of months with drought period or water deficit per year were determined at each site (Table 14). Climatic 
102
Chapter 7 Invasive ability
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos 
españoles y chilenos
data were obtained from the State Meteorological Agency (AEMET, http://www.aemet.es) and the Atlas Climático 
Digital de la Península Ibérica (Ninyerola et al. 2005) in Spain, and from WorldClim (Hijmans et al. 2005) in Chile, and 
the number of months with drought period was calculated by the method proposed by Bagnouls and Gaussen 
(1953). 
Fig. 31 Map of the studied areas of Mediterranean grasslands in Spain and Chile, including sampling sites (see Table 14). 
Grey tones represent rainfall variability in each country
Table 14. Geographic and climatic characteristics of the studied populations. TMED is mean annual temperature; PREC is 
annual precipitation, and MWD the number of months with drought period or water deficit per year.
Site Country Code Latitude Longitude TMED (ºC) PREC (mm) MWD
Pumanque Chile Ch2 34°37’48”S 71°42’54”W 15.01 719 5
Boldo Chile Ch3 35°58’52”S 72°13’38”W 14.33 794 5
Quirihue II Chile Ch4 36°15’20”S 72°32’58”W 13.14 972 5
Yumbel Chile Ch5 37°00’26”S 72°34’01”W 13.33 1168 4
Castuera Spain S1 38°46’20”N 5°34’48”W 16.89 468 4
Fuente de Canto Spain S2 38°16’33”N 6°20’22”W 15.81 572 4
Madroñera Spain S3 39°25’23”N 5°47’48”W 15.42 666 4
Ibor Spain S4 39°32’53”N 5°22’57”W 14.46 859 4
Logrosán Spain S5 39°21’28”N 5°25’04”W 16.17 913 3
Contaminants associated to collected capitula were removed in the lab to obtain clean achenes. Among 
them, peripheral achenes of L. taraxacoides were selected for being more successful in pre-germination studies, 
agreeing with previous literature (Imbert 1999, 2002; Brändel 2007). Seeds from each collection site were pre-
germinated in petri dishes, and then transplanted to microplots in two common gardens (CG): the Experimental 
Center of Cauquenes-INIA, Chile (35°58’ S, 72°17’ W; 140 m a.s.l.) and the Faculty of Agronomy of the 
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Polytechnic University of Madrid, Spain (40º26’N, 3º44’W; 600 m a.s.l.). Plant establishment in field was 
conducted in June and October of 2012, respectively. 
In each CG, three replicates were used per population, which were randomly assigned to microplots, getting 
a total of 15 microplots in Madrid and 12 (because of the absence of this species in the driest Chilean site) in 
Cauquenes. Ten and 20 individuals were arranged per microplot in Cauquenes and Madrid, respectively. Each 
microplot occupied an area of 50x100 cm in Cauquenes and 50x200 cm in Madrid. Individuals were separated 
20 cm between them, whereas the separation between microplots was at least 30 cm. The total number of 
individuals planted was 270 in Cauquenes, and 540 in Madrid. However, throughout the experiment 39% 
(Cauquenes) and 55% (Madrid) of individuals died, so that finally 166 and 245 individuals were, respectively, 
assessed.
Data collection
Once the plants reached about 50% senescence, five capitula were collected from each individual and 
yield traits associated with reproductive effort and the invasive ability were studied. Total number of achenes 
per capitulum (AC) was counted, as well as the number of central achenes (with pappus) and peripheral ones 
(without a pappus). The proportion between central and peripheral achenes (C/P) was calculated for each 
capitulum. Values obtained for the five capitula were averaged to obtain the mean values per individual. When 
plants reached 75% of senescence they were harvested. Dried weight of aerial biomass and number of capitula 
per plant (CP) were measured. Seed output per plant (SEED) corresponds to the total number of seed and was 
calculated as CP x AC. Therefore, SEED and C/P were the response variables considered in this study which 
will reflect the colonization ability of L. taraxacoides.
Data analyses 
We used regression trees to analyze the colonization ability considering differences in SEED per plant and 
achene dimorphism strategy (C/P) between populations. Explanatory variables included the common garden 
emplacement (CG, with two categories: Cauquenes and Madrid) and the origin of the source population, either 
at regional or a local scale: country of origin (ORIGIN, with two categories: Spain and Chile) and collection site 
(SITE, with nine categories), respectively. Regression tree is a nonparametric technique suitable for analyzing 
complex ecological data enabling the importance of the predictors considered to be hierarchized. Data are split 
into increasingly homogenous groups based on the predictor variable at each split that explains the greatest 
deviance of the data set. This analysis does not have assumptions regarding data distribution and it is robust 
in relation to outliers and missing data (De’ath and Fabricius 2000). Despite this, for each collection site, extreme 
atypical values that exceeded three times the interquartile range were removed prior to the analyses in order 
to diminish the number of outliers. We performed regression trees with SPSS 22 (IBM SPSS Statistics: Armonk, NY, 
USA) and used CHAID as the growing method, and a minimum number of cases in parental node of 50 and 10 
in each subsidiary node.
To explore how plant performance influences SEED regression tests were conducted between biomass and 
the yield parameters CP, AC, and SEED. Additionally, to explore the dispersal strategy, and to assess whether 
the number of central or peripheral achenes is limited by the capitulum size, regression tests were carried out 
between number of achenes of each type and AC. All regression tests were performed separately for each of 
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the four groups resulting from grouping individuals by CG and ORIGIN. Comparison tests among the four 
regression slopes were carried out with Statgraphics Centurion XVI.II (Statgraphics Centurion XVI 2013) to assess 
whether significant differences exist in trends between groups.
Finally, we conducted Kruskal-Wallis tests to assess whether there were differences for biomass and AC 
among the four groups formed by the combination of CG and ORIGIN. 
RESULTS
The main factor determining seed output per individual was CG emplacement whereas the proportion 
between types of achenes was controlled mainly by the country of origin of the populations (Fig. 32a). SEED 
was much higher in plants grown in the non-native environment (Cauquenes) but, within Cauquenes CG, 
individuals from Spanish populations exhibited significantly higher values than those from Chilean ones. 
Nevertheless, plants from Chilean populations produced higher proportion of central achenes (higher C/P 
values) than those plants from Spanish origin (Fig. 32b). Within each ORIGIN, C/P was always higher for the 
populations grown in the colonized range (Cauquenes) than in the native one (Madrid). In the two response 
variables, some variability of minor importance was also obtained associated with SITE but it did not seem 
to follow a pattern related to annual precipitation of the sampled sites, so it might be related to other abiotic 
conditions occurring at local scale.
Fig. 32 Regression trees for seed output per plant (a) and central/peripheral achenes ratio (C/P) (b), classified ac-
cording to common garden emplacement (CG), country of origin of seeds, and site where the source population orig-
inated. Values under each final node are average values of each parameter for cases within that group, while values in 
brackets represent the number of cases for that group. Signification level considered was p < 0.05
SEED and yield components –CP and AC– of populations were positive and significantly correlated with 
plant biomass (Fig. 33). Those trends were observed for the four groups of populations considered, with the 
exception of the relationship obtained for AC in Spanish and Chilean populations grown in Cauquenes (Fig. 
33c). The differences in the slopes of the regressions between biomass and both seed output and number 
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of capitula were not significant except for Chilean populations grown in Madrid (Table 15). In the case of 
number of achenes per capitulum its variation associated with biomass were ten times higher in Madrid than 
in Cauquenes, independently of the country of origin of populations.
Fig. 33 Regression between 
biomass and seed output per 
plant (a), number of capitula 
per plant (b), and number of 
seeds per capitulum (c). Close 
symbols correspond to Cau-
quenes (C) common garden 
whereas open ones refer to 
Madrid (M) common garden. 
Circles represent populations 
from Spain (S) whereas tri-
angles are populations from 
Chile (Ch). Significant rela-
tionships are shown by dis-
continuous (Chilean popula-
tions) or continuous (Spanish 
populations) lines. For each 
relationship, Pearson corre-
lation coefficient and its sig-
nificance (* < 0.05; ** <0.01; 
*** < 0.001) are shown
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Table 15. Slopes obtained in the regression tests conducted between biomass and yield components, and between number 
of achenes per capitulum (AC) and number of peripheral and central achenes. Regressions were grouped by combining 
common garden emplacement and country of origin (see Fig. 33 and 34). Different letters indicate significant differences 
(p> 0.05) obtained in the pairs comparison of slopes.
Common Garden
Cauquenes Madrid
Chilean sites Spanish sites Chilean sites Spanish sites
B
io
m
as
s Seed output 323.61 a 364.46 ab 446.13 b 367.48 a
Capitula/plant 2.13 a 2.34 ab 2.98 b 2.40 ab
Achenes/capitulum 0.30 b 0.27 b 3.37 a 2.84 a
A
C Central achenes 0.93 a 0.89 a 0.90 a 0.89 a
Peripheral achenes 0.07 a 0.10 a 0.08 a 0.11 a
Both central and peripheral achenes increased with number of achenes per capitulum, in populations from 
both countries grown in the native and the non-native environments (Fig. 34a, b). That trend was especially 
noticeable in the case of central achenes, with correlation coefficients above 0.9 in all cases, while for peripheral 
ones the trend was less pronounced (correlation coefficients ranged from 0.2 to 0.7). No significant differences 
were found in the regression slopes when comparing the four groups resulting from the combination of CG 
and country of origin (Table 15).
Fig. 34 Regression between number of central 
(a) and peripheral (b) achenes and number of 
seeds per capitulum. Close symbols are em-
ployed for peripheral achenes whereas open 
ones refer to central ones. Close symbols cor-
respond to Cauquenes (C) common garden 
whereas open ones refer to Madrid (M) com-
mon garden. Circles represent populations 
from Spain (S) whereas triangles are popula-
tions from Chile (Ch). Significant relationships 
are shown by discontinuous (Chilean popu-
lations) or continuous (Spanish populations) 
lines. For each relationship, Pearson correla-
tion coefficient and its significance (* < 0.05; 
** <0.01; *** < 0.001) are shown
Significant differences in biomass (Fig. 
35a; Kruskal-Wallis test, p < 0.0001) and 
number of achenes per capitulum (Fig. 
35b; Kruskal-Wallis test, p < 0.0001) 
were found between CGs. Within each 
CG, no significant differences were found 
regarding the origin of the population.
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Fig. 35 Histograms for values of biomass (a) and number of achenes per capitulum (b) grouped by common garden and 
country of origin of populations. Different letters indicate significant differences among groups according to the Kruskal-
Wallis tests and post-hoc pair comparisons
DISCUSSION
Our results show that L. taraxacoides combines different adaptive strategies acting conjunctively on seed 
output and type of achene production, in order to maximize the colonization ability and efficiency of this 
species. 
The ‘residence time hypothesis’ propose that the longer since exotic species arrival to the non-native 
area, the more chances of being a successful colonizer (Pyšek et al. 2004; Hamilton et al. 2005). Introduction of L. 
taraxacoides in Chile dates back to the last decades; its first record as introduced in this country was in 1963 
(Castro 2005), so according to its short residence time, it would be expected a narrow regional distribution of this 
species in Chile (Arroyo et al. 2000; Pauchard et al. 2004; Castro et al. 2005). However it has become widely distributed 
and is currently present in several administrative regions (from approx. latitude 32 to 42 °S, i.e. beyond the 
Mediterranean area; Fuentes et al. 2013). Moreover, it is the most frequent alien species in the country (Martín-Forés 
et al. 2012), which reveals the success in the colonization of L. taraxacoides, overcoming the new conditions and 
abiotic filters (Martín-Forés et al. 2015). The main factor that determines its spatial distribution is anthropogenic 
activities (Dainese and Poldini 2012). Thus, the colonization ability of this species is submitted mostly to its 
capacity to colonize empty niches, coping to the novel conditions created after human disturbance (‘novel 
niche hypothesis’, Shea and Chesson 2002) and its dispersal ability (related to the ‘propagule pressure hypothesis’, 
Lockwood et al. 2005). 
Once L. taraxacoides arrives to the colonized range, to survive in the novel conditions created it has 
followed the low risk/high risk strategy (Venable et al. 1987; Venable and Brown 1988). As anemochorous spreading 
is subjugated to stochastic events (seeds loss often occurs due to the high probability of falling in unfavorable 
sites), heterocarpy in Asteraceae constitutes an important mechanism to enhance colonization. Peripheral 
achenes in L. taraxacoides have higher size, thicker pericarp and longer viability duration (Priestley 1986; Baker 
1989) than central ones. They lack structures for anemochorous dispersal achieving a self-replacement strategy 
(McEvoy 1984), thus, plants originated from these achenes should be able to colonize the niche where the 
mother plant grew (Imbert 1999; Brändel 2007) and adapt to the local novel conditions (Brändel 2007). In this way, 
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the sway of stochastic events during dispersal decreases (Imbert 1999) and the chance of getting naturalized in 
the vicinity of the mother plant increases, accomplishing the challenges related to the novel niche hypothesis. 
On the contrary, central achenes with anemochorious dispersion achieve long distance dispersal events 
reaching further areas (Venable et al. 1997; Brändel 2007). They are always larger in number and spread further than 
peripheral ones, enhancing propagule pressure in the areas they reach, and consequently trying to expand the 
area of distribution of the species, accomplishing the challenges related to the propagule pressure hypothesis. 
Phenotypic plasticity (Sultan 2000) and ecotypic differentiation (Lortie and Aarssen 1996) are key mechanisms to 
cope to the challenges associated to the colonization process. In this sense, L. taraxacoides shows a combination 
of these two strategies regarding both seed output per individual and achene dimorphism patterns. Our 
results indicate that the main adaptation mechanism for seed output is phenotypic plasticity, showing higher 
production under the common garden conditions of the exotic range. Number of seed produced per individual 
and is highly dependent on the aerial biomass. Biomass production is invested in reproductive effort, enhancing 
the two parameters involved in seed output: number of capitula and number of achenes per capitulum. Both 
parameters increase with biomass, but in the case of the number of achenes per capitulum there is an asymptotic 
response, indicating an architectonic constriction: the receptacle (e.g. the surface of the capitulum where the 
seed are implanted) can increase but only up to a limit associated to each species. Biomass as predictor of seed 
production has shown great phenotypic plasticity, reaching significantly higher values for individuals grown in 
the exotic range (Fig. 35a). This trend to bigger individual in exotic range is a common feature for many exotic 
species (see for example Maron et al. 2007; Kumschick et al. 2013; Leishman et al. 2014), constituting an effective strategy 
to produce more dispersal units and promote the species colonization ability. 
In contrast, achene dimorphism production presents typically ecotypic differentiation (as occurs in 
Crepis sancta; Imbert 2001), and to a lesser extent also phenotypic plasticity. Central/peripheral ratio is mostly 
determined by the country of origin of populations (suggesting ecotypic variations) being C/P 1.5 times greater 
in Chilean populations than in Spanish ones. Within each country of origin individuals growing in the exotic 
range also increases this ratio, indicating some phenotypic plasticity. Higher proportion of anemochorous 
central achenes is a strategy to maximize seed spreading in the colonized area, thus the ‘invasive ability’ 
seems to appear enhanced in the exotic range of the species (Kumschick et al. 2013). Similarly, both number of 
central and peripheral achenes increase with the number of achenes per capitulum in plants coming from 
populations of the two countries and the two common gardens. However, for central achenes the relationship 
is stricter (R2 > 0.9 in all cases) and the regression slope is one order of magnitude higher than the relationship 
for peripheral ones. Considering the number of achenes per capitulum as a surrogate of the capitulum size, 
this differential performance could be due to an architectural constriction. In this sense, when the radius of 
the receptacle increases, the number of peripheral achenes (arranged in one row at the edge in the involucral 
bracts) increases according to the length of the circumference whereas the number of central ones increases 
according to the surface area of the receptacle; therefore, the capitulum’s carrying capacity differs for each 
type of achenes. As the number of achenes per capitulum is significantly higher for populations grown in the 
non-native environment, it reverts to produce proportionally more central achenes in the colonized area. 
In summary, maximizing colonization ability is a key strategy for alien invasive species. In this sense, 
some alien plant species such as L. taraxacoides combine phenotypic plasticity and ecotypic differentiation 
as coadaptations to the novel conditions and as a strategy to increase propagule pressure and spreading in 
the new environment. For this reason, it is crucial to include the assessment of both adaptations in biological 
109
Chapter 7 Invasive ability
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos 
españoles y chilenos
invasion studies and conservation strategies. L. taraxacoides does not require complex mechanisms to increase 
its capacity of expansion: simple architectural relationships (number and size of capitula) largely dependent on 
biomass and different dispersal strategies can enhance the successful adaptation and spreading in its invaded 
range. Regarding this, alien species with achene dimorphism should be carefully controlled and their spreading 
consciously monitored. Asteraceae family in a broad sense and L. taraxacoides particularly are of special 
concern due to its invasive potential.
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Discussion 
The infinite vibratory levels, the dimensions of interconnectedness are without end. There is nothing 
independent. All beings and things are residents in your awareness.
Alex Grey
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DISCUSSION
The introduction of an agro-silvopastoral system associated to the Spaniards’ conquest in the Mediterranean 
region of Chile involved the establishment of disturbance regimes that favored the entry of alien species (Le 
Houérou 1991; Holmgren et al. 2000). Due to the historical-cultural context of the colonialism (National Geographic 
Society 1991), the Mediterranean Basin, especially the Iberian Peninsula, has constituted the main source area 
donor of exotic flora to Latin America, and particularly to central Chile which constitutes the main recipient 
area where the exotic flora has been established. In this study, we found a great floristic parallelism between 
Spain and Chile, particularly when comparing the agro-forestry systems of the Mediterranean regions of 
both countries. The Chilean agroecosystem, espinal, represents to a large extent a replication, in terms of 
physiognomy and function, of the Spanish’s agricultural model, dehesa (Ovalle and Avendaño 1987; Ovalle et al. 1990). 
As a result of the introduction of the agrarian culture in central Chile, including the management of the system 
(fallow, rotation) and technology (plowing, harrowing, and animal traction) used in the Mediterranean Basin, 
animal and plant species (livestock, cereals and associated weeds) were also introduced.
Chilean population is concentrated primarily in central Chile due to the environmental conditions of that 
area. Associated to human presence, land use changes have occurred including agriculture intensification 
(Montenegro et al. 1991), urbanization (Pauchard et al. 2006), and network road connectivity (Arroyo et al. 2000). This 
area, despite representing only the 20% of the country’s territory, holds a high concentration (80% of all 
the country’s exotic plants) of naturalized plants (Matthei, 1995) and people (78% of the country’s population; 
Pauchard et al. 2006; INE 2007). 
The representation of the alien flora becomes greater (Gaertner et al. 2009) at more detailed spatial scales: 12% 
in continental Chile, reaching 20% in central Chile, and rising up to 49% when considering the espinales. This 
percentage of aliens in the espinal reaches almost half of the flora it contains, being most of the exotic species 
annuals (84%) from Eurasian origin (97%).
As a result of the landscape transformation by humans in Chile, empty niches were created. That has 
constituted an opportunity window (Tilman 1997; Zobel et al. 2000) for the entry of alien species (Le Houérou 1991; 
Holmgren et al. 2000; Jauni et al. 2015) which have already been adapted to disturbances and cultural landscapes 
(Prinzing et al. 2002; Arianoutsou et al. 2013) in their region of origin for millennia (eco-evolutionary experience; Saul 
et al. 2013). The long-term coexistence of Mediterranean pastures with anthropic management has determined 
processes of co-evolution between plants and human practices (Di Castri 1981; Pineda and Montalvo 1995; Holmgren 
2002; Ricotta et al. 2009; HilleRisLambers et al. 2010), so plants presenting more competitive traits in a context of 
livestock grazing and plowing have become selected (De Miguel et al. 2010). On the contrary, original flora from 
the Chilean Mediterranean region lacked adaptations to continuous grazing and other natural disturbances, 
thus native species have resulted negatively affected with the introduction of livestock and crops which has 
favored aliens’ establishment (Milchunas and Lauenroth 1993; Holmgren et al. 2000; del Pozo et al. 2006; Ovalle et al. 2006; 
Díaz et al. 2007). 
Among the alien flora present in Chile, the families most represented are Poaceae, Asteraceae and 
Fabaceae, in accordance with the three most invasive families worldwide (Pyšek 1998). The rapid growth and 
high reproduction rates of annual plant species, and their capacity to resist unfavorable periods in the form of 
seeds makes them more suitable to develop in disturbed open spaces by fire, plowing or grazing (Le Floc’h 1991; 
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Gómez-González et al. 2010). Poaceae and Fabaceae are typical families associated to livestock grazing and crop 
cultivation practices. By their part, Asteraceae species take advantage in spreading mechanisms. They usually 
present achene dimorphism production, yielding two achene types (occupying either the periphery or the 
centre of the capitulum; Imbert 1999) with different morphology and dispersal ability (Venable 1985). 
Species’ strategy to adapt to the new environmental conditions is dependent on the family, as well as on 
the origin (source or recipient area) of the population considered. Populations collected in the source area 
show more ecotypic differentiation while phenotypic plasticity appears to be higher for populations from the 
recipient area. Regarding the species’ family, Fabaceae, such as Medicago polymorpha (del Pozo et al. 2000, 2002a, b) 
and Trifolium glomeratum rely predominately on ecotypic differentiation mechanism, showing a delay in plant 
development with higher values of mean annual precipitation in their region of origin (it reflects an adaptation 
to their original environmental conditions, giving plants more time to invest on biomass and fruit production 
in a more favorable environment). On the contrary, Asteraceae such as L. taraxacoides shows greater plasticity 
which may be related with its polydispersal syndrome (central achenes with pappus achieving long distance 
dispersal events by anemochory, and peripheral achenes including modifications to suffer passive-zoochory).
The eco-evolutionary experience of plant populations also influences the main mechanism of adaptation 
that species rely on to face the new conditions of the non-native environment. While Spanish populations have 
had more time to develop new ecotypes and genetic differentiations, exotic plants recently established in Chile, 
although with large variation on their time since arrival (Castro et al. 2005; Fuentes et al. 2013), did not have that 
chance. For example, L. taraxacoides is the most frequent alien species in central Chile although it was recently 
introduced in this country (first record in 1963; Castro, 2005). Contrarily to what it might be expected due to 
its short residence time (Parker et al. 2003; Richardson and Pyšek, 2012), this species is widely distributed due to its 
invasive character (sensu Richardson 2000). Its success in colonization is owing to an extraordinary combination of 
coadaptive mechanisms (ecotypic differentiation and phenotypic plasticity) that allows this species facing the 
new environmental conditions (Maron et al. 2004, 2007) by enhancing its survival, plant development, propagule 
pressure, and spreading. On account of the short residence time of L. taraxacoides in Chile, its spatial distribution 
is mainly determined by anthropogenic factors (Dainese and Poldini 2012). Thus, the colonization ability of this 
species is submitted mostly to its capacity to colonize empty niches, coping to the novel conditions created 
after human disturbance (‘novel niche hypothesis’; Shea and Chesson 2002) and its dispersal ability (related to the 
‘propagule pressure hypothesis’; Lockwood et al. 2005). As Chilean populations of L. taraxacoides were possibly 
originated from few populations of Mediterranean Basin (therefore with low genetic diversity), and they have 
to become adapted to the whole Chilean climatic gradient, greater phenotypic plasticity seem a successful 
adaptive mechanism to acclimatize to changing environmental conditions (supported by Geng et al. 2007; Dostál 
et al. 2012 and Gratani 2014). To cope with these novel conditions, L. taraxacoides follows the low risk/high risk 
strategy (Venable et al. 1987; Venable and Brown 1988); its peripheral achenes produced adhere to the self-replacement 
strategy (McEvoy 1984), getting naturalized in the vicinity of the mother plant (Imbert 1999). However, central 
achenes presenting anemochory are more numerous and spread further, enhancing propagule pressure in the 
long distance to try to expand the area of distribution of the species. For all this, L. taraxacoides constitutes a 
faithful reflection of the colonization process in Chile.
Despite the similarities between the dehesa and the espinal, there are also differences between these 
two agroecosystems, especially regarding species richness (much higher in Spain); hence espinales seem to 
constitute a system equivalent to the Spanish dehesas although with lower biodiversity levels. It is known that 
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the number of alien species becoming established in a colonized area is lower than the amount that might 
potentially arrive (Malo and Suárez 1997), but in Chile less than the 10% –assuming the tens rule of Williamson 
(1996)– are currently naturalized. This could be due to the fact that alien species were not able to leave the 
source area, failed in transport pathway, or failed to establish and persist in the recipient area. Thus, there are 
also some factors conditioning, filtering and restricting this naturalization process acting either in the source 
and/or in the recipient area. Previous studies attempted to determine whether the factors that best determine 
level of invasion are climatic ones (Weiher and Keddy 1999; Gaston et al. 2003; Thuiller et al. 2005; Wiens and Graham 2005; 
Kueffer et al. 2010) or those related to the habitat’s characteristics (Hejda et al. 2009; Jansen et al. 2011; Dostál et al. 2013; 
Kalusová et al. 2013; Marini et al. 2013). Our results indicate that both factors act conjunctively and in a hierarchical 
manner at different scales. 
At a broad scale (i.e. continental), climate determines the possibilities of alien establishment; our results 
bring to the light the significant biogeographical association between the climates in the regions of origin 
(considering here all the possible continents) and destination (i.e. geographic Chilean regions) of exotic species 
present in Chile. The similarity between the climate of the source and the recipient areas plays a crucial role 
(Alpert et al. 2000; Davis et al. 2000; Chytrý et al. 2008, 2009) in the current distribution of exotic species in Chile. The 
species’ climatic tolerance is essential to successfully establish in the new region (Haider et al. 2010), which highlights 
the importance of coadaptive mechanisms, but mainly plasticity in overcoming environmental barriers. The 
habitat characteristics of the source area (climate, soil nutrient status, propagule pressure, disturbance, and 
remarkably human activities) determine the communities’ potential to act as main donors of alien species to 
Chile. However, the relative importance of those factors ultimately depends upon the climate of the recipient 
Chilean climatic region and the distribution of the main land uses throughout the country, highlighting the 
importance of human pressure as a driver of alien distribution in the recipient area (Marini et al. 2012). 
When analyzing the abiotic filters (climate- and edaphic-related) at a finer scale (Spanish dehesas and 
Chilean espinales) we found the existence of filtering process acting in both the source and the recipient 
areas but with different intensity. The influence of abiotic factors is stronger in the recipient area, where 
especially the climate determines the successful naturalization of alien species in Chile, agreeing with previous 
reports about invasibility (Kolar and Lodge 2001; Dawson et al. 2009; González-Moreno et al. 2014). In Chile, alien species 
richness increases with precipitation and with the shortening of summer drought period, which supports the 
‘resource availability hypothesis’ (Davis et al. 2000; Richardson and Pyšek 2006), being naturalization enhanced by an 
improvement in the main limiting resource (water) (Cleland et al. 2004; Kreyling et al. 2008).
In the recipient area, not only abiotic filters but also biotic ones can be acting, for example, along the 
processes of plant community structuring and ontogeny (Armas and Pugnaire 2005; Armas et al. 2013; Jeffers et al. 
2015). Contrarily to recent studies (Kulmatiski 2006; Vilà et al. 2011; Tognetti and Chaneton 2012) stating that alien 
species established in early successional stages impede the re-establishment of native ones, our results show 
no apparent competition between alien species and Chilean native ones along secondary succession. Rather, 
the results suggest that they play a complementary role: there is a segregation of niches between both species 
groups occurring at local scale in earlier stages of succession. Whereas time since cultivation abandonment has 
a positive effect on native species richness, alien species increase after the first years of abandonment but then 
remain stable until the end of the chronosequence (contrary to Meiners et al. 2002; Tognetti et al. 2010). The increase 
in vegetation cover associated with the early colonization by aliens seems to create the appropriate conditions 
for the arrival of native species which increment in number. Thus, aliens act like passengers (Macdougall and 
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Turkington 2005) or even tolerants and/or facilitators playing a complementary role to the natives’ one. This 
coexistence under the conditions of extensive livestock grazing is achieved through two different strategies: 
alien species are mainly grazing-tolerant whereas native species are grazing-defensive species. 
Although many studies have indicated a similar role of native and alien species in structuring communities 
along secondary succession (Meiners 2007; Tognetti et al. 2010; McLane et al. 2012), our results indicate that the 
behavior of the species depends on their geographical origin. Structured plant communities are higher than 
the expected from random in both agrosilvopastoral systems, dehesas and espinales. Nevertheless, when 
comparing patterns of species’ segregation for the colonizer species and the ones exclusive to each country, 
the source and the recipient areas differ in the community structure. Spatial segregation is clearer for species 
exclusive to Spain than for those exclusive to Chile, which may be due to the eco-evolutionary history that 
gave Spanish populations more time to become greater organized. However, the trend is reversed in the case of 
colonizer species, which show a greater segregation in Chile than in Spain, possibly due to the environmental 
heterogeneity and the role played by alien species in the process of plant community assembly occurred in the 
recipient area after a disturbance, more than be caused by processes of interspecific competition.
The above-exposed hierarchical influence of several abiotic and biotic factors on establishment and 
naturalization processes brings to the light that biological invasions are dependent on the context, the scale 
(Lloret et al. 2005; Guo et al. 2006; Pyšek and Richardson 2007), and the specific traits of the species studied. For example, 
when study three of the most abundant exotic species in Chile –L. taraxacoides, Hypochaeris glabra and T. 
glomeratum– plants survival vary depending on the origin of the population and the emplacement where plants 
grow, being higher for exotic populations and individuals grown in the non-native environment. Similarly, 
the invasive ability of L. taraxacoides also varies depending on the context; this species enhances biomass 
production, seed output, and spreading when grows in the invaded range (enhancement of the invasive 
ability in the exotic range of the species; Kumschick et al. 2013). Future outcomes can include the combination 
of the current ecological knowledge in invasion processes with forthcoming global change scenarios (Sala et al. 
2000; Pineda et al. 2014). Merging the prospection of future climate change (IPCC 2014), landscape heterogeneity, 
land-use shifts, and the subsequent modelled displacement of exotic plant species’ distribution with current 
knowledge on invasive processes will be a fruitful study for determining areas more prone to invasion. Habitat 
invasibility can be studied either focusing on climatic terms (as occurs with wetter sites in central Chile and the 
latitudinal displacement of its flora due to the dry conditions), on habitat alteration (Chytrý et al. 2008; Pyšek et al. 
2009; Jansen et al. 2011; González-Moreno et al. 2014), as well as on areas that have a greater potential to act as donor 
of alien species (Dostál et al. 2013; Kalusová et al. 2013; Kalusová et al. 2014).
Evaluating the factors and determinants involve in naturalization and invasion processes is key to 
accomplish the objectives of the Millennium Ecosystem Assessment Program (MA 2005; Carpenter et al. 2009). 
The exchange of species, successful establishment of some of them or extinction of others, their effect in the 
native plant community and the consequences on the rest of species ligated somehow to the aliens’ presence 
undoubtedly contributes to the emergence of new environmental scenarios. These new scenarios have 
ecological and socioeconomic repercussions that are difficult to evaluate short-term (Rockstrom et al. 2009) or at a 
determined spatial scale. As multi-scale patterns are determinant of naturalization success, evaluations should 
be conducted from broader to finer geographical scales, and in the short, medium and especially long term 
(Strayer et al. 2006; Lankau et al. 2009). We appeal for the importance of identifying not only changes in ecosystem 
structure and functioning as a consequence of the species’ naturalization, but also conduct a priori evaluations 
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to understand these processes. To that end, we should take a comprehensive and systemic approach, coming 
to understand that fundamental ecology is context-dependent, being tightly bound up to the social-cultural 
history, the anthropic activity, the economic implications, and the social tradeoffs (Pejchar and Mooney 2009). 
Thus, it is necessary to accomplish transdisciplinary decision-making processes (Seastedt et al. 2006; Díaz et al. 2015) 
which take into account not only ecological consequences, but also ecosystem services and human well-being 
(Bennett et al. 2015), where different scientific experts and stakeholders are involved (Mace 2014; Martín-López and 
Montes 2015; Pineda et al. 2015; Velasco et al. 2015). 
Towards a new paradigm: neither good nor evil
All our results demonstrate that alien species coming from Spain are pre-adapted to the environmental 
conditions and land-use management in the new region (supported by Pyšek and Richardson 2007; Richardson and 
Pyšek 2012), and that once they get naturalized in that non-native environment, they form mixed native/exotic 
plant communities showing an effective coexistence between both species groups (maybe related to Chilean 
unsaturated plant communities; Gilbert and Lechowicz 2005). This coexistence does not seem to be aggressive, 
despite previous studies have suggested high competition by aliens (D’Antonio and Mahall 1991; Fogarty and Facelli 
1999; Young et al. 2001) and in opposition to the traditional believe that aliens’ naturalization always decreases 
native biodiversity (Richardson et al. 1989; Davis 2003) or displaces it by exclusion undertaking a process of global 
biological homogenization (McKinney and Lockwood 2001; Olden 2006; Olden and Rooney 2006; Winter et al. 2009). On the 
contrary, the coexistence between native and alien species in Chilean espinales appears pacific. It even suggests 
that some benefits or facilitation processes are occurring between native and exotic species. Aliens seem to 
ameliorate the harsh environmental conditions created after a disturbance so that natives can re-establish in 
that area. Previous studies reported an improvement of soil quality by the exotic species Lantana camara (Patel 
2011), or even the fact that some exotic species can contribute to achieve native species conservation policies 
(Schlaepfer et al. 2011). In the foreseeable future it would be desirable to evaluate in detail possible facilitation 
processes between native and aliens by studying plant-plant interactions.
There is a publication bias towards studies focusing on biological invasions by exotic species as a harmful 
process with negative impacts (Davis et al. 2011), especially in ecological terms, whereas studies regarding the 
behavior of some invasive native species (Carey et al. 2012), or those focusing on the possible benefits that aliens 
can provide have been overlooked receiving much less attention (Rodríguez, 2006; Schlaepfer et al. 2011; Pienkowski 
et al. 2015). Although we are also aware of reports about serious negative impacts in ecology (Lowe et al. 2000; 
McGeoch et al. 2010), economy, (Pimentel et al. 2001, 2005) and society (Pejchar and Mooney 2009), we highlight the 
crucial importance of adopting a more balanced view of exotic species, understanding their presence in a new 
area as a holistic process (Schlaepfer et al. 2012). Conservation policies often suggest eradication of aliens, and 
the urgent need of monitoring, managing and implementing policies that control this ‘problem’ (Simberloff et 
al. 2005). However, being critical and enough open-minded to find any possible mutualistic interactions owing 
to the aliens’ presence in an invaded range is crucial. Recent studies showed that certain invasive species have 
become keystones for the survival of local endemism and therefore eradication programs to re-establish the 
original vegetation might provoke severe population bottlenecks, local extinction of endemic species (Van Riel 
et al. 2000; Pienkowski et al. 2015), and cascading effects across trophic levels (Rodríguez 2006; Courchamp et al. 2001), or 
other ecosystem components (Zabaleta et al. 2001). It seems therefore that it is time to derogate the traditional 
paradigm which, by default, considers exotic species as an evil enemy because it is obsolete.
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As W. Shakespeare said “there is nothing either good or bad, but thinking makes it so”. Thus, the consequences 
of the aliens’ naturalization depend on the human perception of that process. Indeed, different stakeholders 
(García-Llorente et al. 2008, 2011) with different socio-cultural contexts have very different opinions about alien 
species; some of them recognize the benefits of exotic species not only on the native flora at local scale, but 
also on other species they have established relationships with (Van Riel et al. 2000), on the ecosystem services 
(Pejchar and Mooney 2009; Young 2010, 2012; Shackleton et al. 2011a), on the human wellbeing (Shackleton et al. 2006, 2011b), 
on the local and global economy (Pienkowski et al. 2015), etc. As an example, Chilean agronomists forming part of 
our research team are delighted with the naturalized leguminous species originated in Spain and the large sized 
exotic plants grown for agronomic purposes.
When most researchers study the naturalization process of exotic species they do not do it from an 
objective point of view, but by judging due to the negative predisposition to ‘alien enemies’ widely accepted 
even in the scientific community. However, when it concerns socio-cultural frame we consider new forms of 
mixture and cooperation among human beings as a sign of development, cooperation, and cultural enrichment. 
Maybe we should ask ourselves our reasons to not to take the same standpoint for plant communities. Instead 
of understanding the alien species as a catastrophic driver that causes negative impacts and landscape 
homogenization… why don’t we shift the obsolete paradigm to a more inclusive approach that considers 
naturalization as a hybridization process? Why we keep using non-neutral terminology to refer to those non-
indigenous species (Colautti and MacIsaac 2004)? Does making distinction between indigenous and non-indigenous 
species still make sense? 
“The oldest and strongest emotion of mankind is fear, and the oldest and strongest kind of fear is fear of 
the unknown.”
Howard Phillips Lovecraft
“Fear Is the Antithesis of Freedom” 
Osho
“Man can learn nothing except by going from the known to the unknown”
Claude Bernard
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“Learn from yesterday, live for today, hope for tomorrow.
The important thing is not to stop questioning”
A. Eintein
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CONCLUSIONES
1. La mayor parte de las plantas no nativas presentes Chile son especies anuales de origen euromediterráneo. 
Existe una correspondencia entre las regiones de origen de dichas especies no nativas y su ciclo biológico. 
Las plantas anuales proceden fundamentalmente de la Cuenca Mediterránea, mientras que las perennes 
son de origen africano y americano. 
2. La flora de Chile central constituye una fiel expresión de la del conjunto del país en cuanto a porcentajes 
de las familias más representadas, tipo biológico y región de origen de las especies no nativas. Las familias 
más comunes dentro de la flora chilena no nativa son Poaceae, Asteraceae y Fabaceae, y la especie más 
abundante es Leontodon taraxacoides (Vill.) Mérat.
3. La proporción de la flora no nativa presente en Chile tiende a incrementarse a escalas de mayor detalle, 
siendo un 13% para el país en su totalidad, un 18% para la zona central, y alcanzando un 49% en los espinales. 
La distribución de familias, origen biogeográfico y carácter anual o perenne en los espinales es del mismo 
orden de magnitud que los encontrados en las dehesas españolas. Ambos sistemas agrosilvopastorales son 
equivalentes en términos florísticos, aunque la riqueza de especies es mayor en España.
4. El clima actúa como el principal predictor del potencial de establecimiento de las especies a gran escala. 
Existe una correspondencia entre las características climáticas de las comunidades en sus áreas de origen 
y de destino. Las comunidades relacionadas con hábitats con mayor influencia antrópica en el área de 
origen, como las ruderales y las procedentes de cultivos, actúan como principales donantes de especies, 
aunque la importancia de las características del hábitat depende del clima de la región de destino. 
5. La colonización es dependiente del contexto y la escala de detalle, por lo que para su estudio es necesario 
considerar territorios que recojan una amplia heterogeneidad ambiental y diferentes escalas espaciales. 
La influencia jerárquica de los factores ambientales indica la existencia de filtros que seleccionan especies 
pre-adaptadas a las condiciones climáticas y de hábitat de la región de destino. 
6. Los factores ambientales que afectan a la riqueza de especies son diferentes para las regiones mediterráneas 
de España y Chile. En España, las especies colonizadoras están ligeramente relacionadas con una 
combinación de factores climáticos y edáficos, mientras que en Chile el número de especies exóticas es 
altamente dependiente de las características climáticas, especialmente de la disponibilidad hídrica.
7. El hecho de que no exista relación entre la riqueza de especies nativas y exóticas a escala local indica que, 
en la naturalización transcontinental ocurrida en Chile, los filtros bióticos (es decir, la competencia entre 
especies) son menos importantes que los abióticos.
8. La segregación espacial de las especies en las comunidades españolas y chilenas es mayor que la que se 
esperaría por azar. Las especies se organizan como respuesta a los condicionantes climáticos y edáficos, 
pero este patrón se expresa con diferente intensidad en las dos regiones. Nuestros resultados destacan la 
existencia de diferencias inter-regionales en los patrones de co-ocurrencia de las especies colonizadoras y 
exclusivas.  Las especies exclusivas presentan mayor segregación espacial en España, mientras que para las 
colonizadoras es más evidente en Chile. La combinación de los patrones de ambos grupos de especies en 
cada país condiciona la respuesta del conjunto de todas las especies en la organización de la comunidad.
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9. Como consecuencia del proceso de colonización se ha producido una notable alteración del ensamblaje 
de las comunidades en los pastizales chilenos. El desensamblaje de las comunidades originales se hace 
patente por el menor nivel de segregación de las especies nativas chilenas con respecto a las especies 
exóticas que se han naturalizado en Chile, así como por la mayor segregación espacial de las especies 
colonizadoras en Chile que la observada en España.
10. Las especies nativas y exóticas juegan un rol complementario en la ontogenia de la comunidad asociada al 
proceso de sucesión. En una primera fase se establecen especies exóticas ruderales y asociadas a cultivos 
bajo las condiciones post-agrícolas, a cuya perturbación no están adaptadas las especies nativas. En una 
segunda fase la comunidad se compone de especies nativas y exóticas, aunque esta coexistencia se basa en 
dos estrategias diferentes: las exóticas son tolerantes al pastoreo mientras que las nativas se defienden de él. 
11. Las especies nativas y exóticas difieren en cuanto a su carácter anual o perenne a lo largo de la sucesión. 
Las exóticas son eminentemente anuales, mientras que la mayoría de las perennes son nativas.
12. No hay evidencias de competencia entre especies nativas y exóticas, evitándola mediante diferentes 
estrategias en la ocupación del espacio. La ontogenia de la comunidad en el tiempo refleja una ganancia 
neta de biodiversidad, incrementándose el número de nativas y manteniéndose un pool de exóticas, lo 
que permite la coexistencia de ambas. 
13. Hay una gran variabilidad en cuanto a los mecanismos de adaptación para las poblaciones de Leontodon 
taraxacoides, Hypochaeris glabra y Trifolium glomeratum, aunque la importancia relativa de cada 
mecanismo depende de la especie considerada y la variable analizada. La diferenciación ecotípica resulta 
importante en el caso de T. glomeratum, que presenta un retraso en su desarrollo fenológico conforme 
aumenta la precipitación de la región de origen, lo que permite a la planta disponer de más tiempo para 
invertir en crecimiento y producción de biomasa. La plasticidad fenotípica es el mecanismo principal de 
L. taraxacoides, lo que parece proporcionar más posibilidades adaptativas para adaptarse exitosamente a 
las condiciones del nuevo medio, así como una mejora en la capacidad de invasión de la especie.
14. Bajo condiciones uniformes de cultivo, las poblaciones de origen exótico y las que crecieron en las 
condiciones ambientales chilenas presentan mayor tasa de supervivencia que las poblaciones nativas o 
desarrolladas en España.
15. L. taraxacoides combina plasticidad fenotípica y diferenciación ecotípica, que actúan conjuntamente para 
aumentar la producción de semillas, así como para producir más aquenos con dispersión anemócora 
en las poblaciones de origen exótico. Estas co-adaptaciones a las nuevas condiciones constituyen una 
estrategia para incrementar la presión de propágulos, así como sus posibilidades de dispersión en el 
nuevo entorno, lo que maximiza su eficiencia y capacidad de colonización.
16. L. taraxacoides no requiere de mecanismos complejos para incrementar su capacidad de expansión: 
relaciones arquitectónicas relativamente simples (número y tamaño de los capítulos), que dependen en 
gran medida de la biomasa, así como diferentes estrategias de dispersión pueden incrementar el éxito de 
adaptación y de dispersión en el área invadida.
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17. En contraposición a la creencia tradicional de que la naturalización de especies exóticas siempre disminuye 
la biodiversidad nativa o la desplaza por exclusión, la coexistencia de especies nativas y exóticas en los 
espinales chilenos parece pacífica, sugiriendo que procesos de facilitación pueden estar ocurriendo entre 
ambos tipos de especies. En este sentido, las especies exóticas parecen mejorar las duras condiciones 
ambientales creadas tras una perturbación, lo que permite que las especies nativas puedan re-establecerse 
en el territorio.
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CONCLUSIONS
1. Most of Chile’s non-native plants are annual species of Eurasian-Mediterranean origin. There is a 
relationship between regions of origin and species’ biological cycle. A positive association exists between 
annual plants and species from the Mediterranean Basin, whereas woody plants mainly come from 
Africa, and America. 
2. The flora of central Chile is a good expression of the country’s as a whole with regard to percentages of 
the most represented families, life cycle and region of origin of non-native species. The most common 
families of the Chilean non-native flora are Poaceae, Asteraceae and Fabaceae, and the most frequent 
species is Leontodon taraxacoides (Vill.) Mérat
3. The proportion of the non-native flora in Chile tends to be greater at more detailed spatial scales, being 
13% in the whole country, 18% in the central zone, and 49% in the espinales. The distribution of families, 
biogeographic origin and life cycle in the espinales is of the same order of magnitude as those found 
in Spanish dehesas. Both agro-silvopastoral systems are equivalent in floristic terms, although species 
richness is greater in Spain. 
4. Climate acts as the principal predictor of species establishment potentiality at broad scale; there is a 
correspondence between the climatic characteristics associated with the communities in the source area 
and those of the recipient area.  The communities related to habitats with greater anthropic influence in 
the source area such as ruderal and arable lands act as the main donors, although the importance of the 
habitat characteristics depends upon the climate in the recipient area.
5. Colonization is context- and scale-dependent; therefore its study must include territories with a wide 
range of environmental heterogeneity and different spatial scales. Hierarchical influence of environmental 
factors indicates the existence of filters that select species pre-adapted to the climatic and habitat 
conditions in the recipient area.
6. Environmental factors affecting species richness in the Mediterranean regions of Spain and Chile are 
different. In Spain, colonizer species are weakly related to a combination of soil and climate properties, 
whereas in Chile the number of exotic species is highly dependent on climate conditions, especially water 
availability. 
7. Lack of relationship between native and exotic species richness indicated that biotic filters (i.e. species 
competition) are less important than abiotic ones in transcontinental naturalization in Chile. 
8. The segregation of species in Spanish and Chilean communities is higher than the expected from random 
and species respond to the climatic and edaphic factors becoming better organized, but this pattern is 
expressed with different intensity in the two regions. Our results highlight inter-regional differences in the 
co-occurrence patterns of exclusive and colonizer species. Exclusives exhibit greater spatial segregation 
in Spain, whereas for colonizers it is more evident in Chile. The combination of patterns of both species 
groups in each country accounts for the features of all the species in the community organization.
9. As a consequence of the colonization process a noteworthy alteration of the community assembly in 
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Chilean grasslands has occurred. The disassembly of the original communities is shown by the lesser 
segregated level of the Chilean native species than the exotic species that became naturalized in Chile, 
and by the greater spatial segregation of colonizer species in Chile than in Spain.
10. Exotic and native species play a complementary role in the community ontogeny associated to 
a successional process. In a first phase, ruderal and weedy crop exotic species established under the 
disturbed post-agricultural conditions to which native species are not adapted. In a second phase the 
community is made up of native and exotic species, although based on two differentiated strategies: 
grazing-tolerant non-natives or grazing-defensive natives. 
11. Exotic and native species differ in their life-form patterns along succession. Exotics are mainly annuals, 
while most perennials are natives. 
12. There are no evidences of competition between exotic and native species which is due to their different 
strategies in the occupation of the space. Community ontogeny with time determines a net gain of 
biodiversity, increasing natives and maintaining a general exotic pool, allowing the coexistence of both. 
13. There is great variability in adaptive mechanisms for the populations of Leontodon taraxacoides, 
Hypochaeris glabra and Trifolium glomeratum, although the relative importance of each mechanism 
depends on the species considered and on the variable analyzed. Ecotypic differentiation appears to be 
important in T. glomeratum which delays its phenological development when increased precipitation 
in the source area allowing plants to have more time to invest on growth and biomass production. 
Phenotypic plasticity appears to be important in L. taraxacoides, which seems to provide more adaptive 
skills to successfully adapt to changing environmental conditions, as well as to enhance the invasiveness 
of a species.
14. When growing in common garden conditions, exotic populations –those originated and grown in the 
non-native range– show greater survival rates than native ones. 
15. L. taraxacoides combines phenotypic plasticity and ecotypic differentiation acting conjunctively to 
enhance seed output and produce more achenes with anemochorous dispersion in populations from 
exotic origin. These coadaptations to the novel conditions constitute a strategy to increase propagule 
pressure and spreading in the new environment in order to maximize the colonization ability and 
efficiency of this species. 
16. L. taraxacoides does not require complex mechanisms to increase its capacity of expansion: simple 
architectural relationships (number and size of capitula), largely dependent on biomass, and different 
dispersal strategies can enhance the successful adaptation and spreading in its invaded range. 
17. In opposition to the traditional believe that exotics’ naturalization always decreases native biodiversity or 
displaces it by exclusion, the coexistence between native and exotic species in Chilean espinales appears 
pacific, suggesting that some benefits or facilitation processes are occurring between both types of 
species. Exotics seem to ameliorate the harsh environmental conditions created after a disturbance so 
that natives can re-establish in that area. 
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Appendix
Transcontinental naturalization of herbaceous species in Spanish and Chilean Mediterranean grasslands
Naturalización transcontinental de especies herbáceas en pastizales mediterráneos españoles y chilenos
APPENDIX
Asociated with the project in which is included the present dissertation, the follow publication has been 
elaborated by our team: 
Ovalle C, Casado MA, del Pozo A, Aravena T, de Miguel JM, Sánchez-Jardón L, Barahona V, Acosta-Gallo B, 
Martín-Forés I, Castro I (2015) El Espinal de la Región Mediterránea de Chile. Centro Regional de Investigación 
La Cruz. La Cruz, Chile. Colección libros INIA Nº 34, ISSN: 0717-4713, ISBN: 978-956-7016-46-4, 206pp
This book draws the history of origin and land-use associated with the espinal system and includes the flora 
and the fauna more representative of this cultural landscape.

“Curiosity has its own reason for existing”
Albert Einstein

